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GENERAL ABSTRACT 
 
The irrigated rice system faces great challenges in terms of productivity and sustainability 
with respect to food shortage and environmental issues. This study was done to address 
concerns with regards to the soil resources availability, methane emissions, water scarcity and 
slow gain in grain yield. Comparison of soil properties between cultivated and uncultivated 
soils in farmer’s field is a promising approach to evaluate soil fertility and to adjust existing 
practices to ensure that nutrient outflow will be in balanced with the nutrient inflow. In this 
study, cultivated soils had significantly lower fertility when compared with the uncultivated 
soils as indicated by the soil properties measured. The amount of fertilizer being added by the 
farmers was not sufficient. Moreover, soil management practices should be well monitored as 
methane emissions increased dramatically upon straw incorporation and methane was emitted 
mostly during the early growth phase of the rice crop. But, drainage during mid-tillering 
abruptly reduced methane emissions by 15-80% as compared with continuous flooding and 
without a significant effect on grain yield. The choice of inorganic fertilizer and cultivar also 
influenced the amount of methane emission rates. Ammonium sulfate plus urea significantly 
reduced emission by 50- 66% than urea alone. Drying the field during midtillering mitigated 
methane emission and also saved water. Alternate wetting and drying (AWD) practice in 
irrigated rice fields starting from mid-tillering with a threshold of -30 kPa appeared as a more 
effective water-saving technology than field drying at mid-tillering: water productivity was 
significantly increased for all the contrasted genotypes evaluated and the amount of water 
input (WI) was significantly reduced by 33−41% in -30 kPa depending on the genotypes. 
However, the delay in tiller cessation reported under AWD, where higher and prolonged 
duration of tiller emergence was observed compared with continuous flooding, was probably 
not favorable for maximizing grain yield (GY). The higher GY of rice hybrids compared with 
inbreds (by 14-18% average) was due to the higher biomass accumulation and efficient 
biomass partitioning among plant organs, related with earlier cessation of tiller emergence. 
This earlier cessation is associated with better partitioning of biomass within the plant and 
ultimately to the panicle. This then indicates that breeding programs targeted for high yield 
potential will be different with those for genotypes under water saving conditions. 
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CHAPTER 1:  
GENERAL INTRODUCTION AND OBJECTIVES 
 
1.1 General Introduction 
Rice is the principal staple food and the main source of employment and income for rural 
people in Asia. More than 250 million farm households in Asia depend on rice for their 
livelihood (Hossain, 1998). A typical farm household grows rice along with many other 
subsistence crops in rice-based farming systems. Wetland rice is the only major crop that was 
grown for many centuries and possibly millennia in monoculture without major soil 
degradation (Bray 1986, Uexkuell and Beaton 1992). Soil flooding and puddling maintained 
favorable soil properties for rice growth (Ponnamperuma 1972). Irrigation is the main water 
source in the dry season and is used to supplement rainfall in the wet season. Irrigated rice 
accounts for 55% of the global harvested rice area and contributes 75% of global rice 
production (Dobbermann and Fairhurst, 2000). However, rice yield has remained stagnant 
after reaching the Green Revolution frontier. The stagnation of yield potential has been 
acknowledged for the last 10-20 years already but, a rice yield increase of more than 1.2% 
per year will be required to meet the growing demand for food that will result from 
population growth and economic development in the next decade (Normile, 2008). To 
achieve this goal, enormous efforts should be accomplished to develop new types of rice 
varieties. The ideotype approach as described by Peng et al. (2008) has recently been 
successful in China for breeding ‘super’ hybrid rice using a combination of traits. This 
approach has been based on identifying promising traits from the evolution of breeding 
products developed during the last decades and from knowledge and assumptions in plant 
physiology. 
Moreover, during the last decades a decline in rice grain yields has been observed in 
double rice cropping systems both in experimental field and on farmer’s field at constant 
nutrient supply and field management (Cassman and Pingali 1995). There is evidence that the 
declining productivity trends come from a gradual degradation of soil quality caused by 
intensive cropping. Reduced soil N-supplying capacity was identified as a driving force, 
despite conservation or even an increase in total soil organic matter (Cassman et al 1995; 
Cassman and Pingali 1995). Research indicates that these negative yield trends are caused, in 
part, by a decline in soil N supplying capacity since previous yield levels could be restored at 
IRRI by increasing the amount of applied fertilizer-N. The leading explanation could be a 
gradual decrease in native soil N availability (Cassman et al., 1997). It was hypothesized that 
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changes in chemical properties of soil organic matter caused by long periods of flooding had 
resulted in lower soil mineralization rates in intensively cropped rice systems (Cassman et al., 
1995, Olk et al., 1996). 
Possible effects of climate change add to the problem of sustaining the natural resource 
base while raising production to feed more people. Uncertainties become even higher as 
paddy farming itself has a significant effect on global warming through the release of 
greenhouse gases to the atmosphere such as methane emissions from flooded rice fields 
(Neue, 1993). Increased land use for rice cultivation and multiple cropping have increased the 
strength of this source of atmospheric methane during the last century. In view of the future 
rice demand for feeding the increasing world population, the traits of high yielding rice 
cultivars will further affect the methane source strength of rice cultivation. During the rice 
growing season, 60-90% of the total methane is emitted through the rice plants (Wassmann et 
al., 1996; Wassmann & Aulakh, 2000) and substantial differences in the rate of methane 
emission between different rice cultivars have been observed (Lin, 1993; Mitra et al., 1999; 
Watanabe et al., 1995). Further, the high above ground dry matter production is associated 
with a large root system, which results in increased total organic carbon from roots (Aulakh 
et al., 2001) which increased strength of soil methanogenic source.  
Recently, water crisis threatens the sustainability of the irrigated system. Increasing 
competition for water among different users will force many rice farmers to use less water 
and increase their water use efficiency. Faced with this problem, IRRI water scientists 
prompted to search ways to reduce water use in irrigated rice fields. The alternate wetting and 
drying (AWD) technique has been developed and now a mature technology that is being 
promoted in farmers field (Bouman et al. 2003). However, to enhance the benefit derived from 
AWD, it is needed to search for suitable genotypes that can adapt well and maintain grain yield 
under such environment, and even to understand and identify the adaptive traits of these 
genotypes. 
1.2 General Objectives 
1. To asses changes in selected soil properties due to intensive cultivation under rice-based 
system. 
2. To determine the effects of different management practices on crop yield and CH4 
emission.  
3. To identify high yielding genotypes adapted to alternate wetting and drying (AWD) 
technique in irrigated fields.  
4.  To investigate plant traits for improvements towards higher grain yield potential. 
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CHAPTER 2 
COMPARISON OF SOIL PROPERTIES BETWEEN CONTINUOUSLY 
CULTIVATED AND ADJACENT UNCULTIVATED SOILS IN RICE-BASED 
SYSTEMS 
 
2.1 Summary 
To assess cultivation-induced changes followed during the Green Revolution on 
continuous rice-rice and rice-wheat cropping, fence-line comparisons between cultivated and 
adjacent non-cultivated soils were made to (i) quantify changes in selected soil chemical and 
biological properties at 2 moisture conditions, (ii) determine the N, P, and K uptake of rice 
and wheat as affected by changes in soil properties, and (iii) determine the relationship 
between N, P and K uptake and soil properties. Two parallel experiments were conducted: 
laboratory incubation and a greenhouse experiment with soils collected from seven rice-
wheat and two rice-rice soils. As an average, NH4OAc-extractable K, water soluble organic 
carbon, hot water soluble organic carbon were all lower by 48%, total carbon by 35%, total 
nitrogen by 33% and microbial biomass carbon by 38% in the cultivated soils, whereas no 
significant change was observed in the enzyme activities. Changes were mostly associated 
with the existing fertilizer practices and moisture status of the soil during cultivation. In 
general, fertilizers were not sufficient to replenish crop removal. Soil type also influenced 
cultivation-changes especially soil carbon parameters. Lighter soil texture had higher 
decomposable organic C and total C declined faster than heavy soils. Soils with higher 
declined in both decomposable organic C and total C had higher reduction in functional 
diversity of culturable microorganisms. The declining C pools caused lower N uptake and 
there was a clear association between organic matter parameters and N uptake. Olsen P was 
correlated with P uptake and extractable K with K uptake. As expected, crop biomass 
correlated with N, P and K uptake of plants. Comparison of cultivated and its corresponding 
uncultivated soil provide possibility to determine management effect on soil status. 
 
2.2 Introduction 
Green Revolution technologies had made Asia’s food supply keep pace with the rapid 
increase in population during the past decades. The widespread adoption of high-yielding and 
early-maturing cereals along with improved crop management practices and availability of 
irrigation water and chemical inputs during the Green Revolution led to a rapid 
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intensification in tropical rice lowlands in Asia. But pressure on soil and other resources 
became many times greater. Beginning in the 1980s, scientists began to question the 
sustainability of the intensification strategy in light of concern about slowing yield growth 
and degradation of the resource base (Byerlee 1992; Duxbury et al. 2000; Hobbs and Morris 
1996; Kumar and Yadav 2001). 
Changes in soil properties due to cultivation and management, and their consequences for 
production capacity, have been a concern of research for many years. An uncultivated soil (or 
also referred to as a reference soil) gives information on the inherent quality as dictated by 
the factors of soil formation. On the other hand, a cultivated soil provides information about 
the dynamic quality of the changing nature of soil properties in response to the soil’s 
continuous use. Dalal and Mayer (1986) found that soils cropped for 20-70 years suffered a 
decline in soil organic matter when compared with an adjacent uncropped soil. Comparison 
of soil under natural vegetation and adjoining cultivated topsoils has revealed that prolonged 
agricultural land use alters the magnitude, diversity, and spatial variability of some soil 
properties, mostly those related to fertility (Paz-Gonzalez et al. 2000). Continuous cultivation 
with frequent tillage results in a rapid loss of OM through increased microbial activity 
(Shepherd et al. 2001). Garcia et al. (1997) considered that the labile fraction of SOM, mainly 
water-soluble C and carbohydrates, could indicate the soil’s potential microbial activity, 
which is sensitive to land use and management. Moreover, these fractions have been closely 
linked to soil productivity because of their capacity to supply nutrients for both plants and 
microorganisms. Recently, microbial biomass and enzyme activities have been recognized as 
early and sensitive indicators of soil stress or productivity changes. Further, there is 
considerable evidence that they can be used to evaluate the influence of management and 
land use on soils (Caravaca et al. 2002; Saggar et al. 1999). 
Intensive, irrigated rice-based cropping systems provide food and livelihood for farmers in 
south and Southeast Asian countries. The major irrigated rice-cropping systems in the tropics 
and rice-wheat rotations in the subtropics together cover a land area of 36 M ha in Asia and 
account for about 50% of global rice production (Dobermann and Fairhurst 2000). Published 
results have shown yield stagnation and yield decline from a large number of long-term 
continuous cropping experiments in Asia (Dawe et al. 2000; Ladha et al. 2003a). Evidence 
points to degradation of the resource base, including soil quality, causing negative changes in 
crop productivity (Ladha et al. 2003b). Normally, management-induced changes are assessed 
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by monitoring long-term on-station experiments but these long-term experiments are not so 
common everywhere. So, other alternative ways should be devised to evaluate changes on 
soil properties.   
 
2.3 Objectives 
In order to assess the effect of chemical input-based continuous rice-rice and rice-wheat 
cropping followed during the Green Revolution, fence-line comparisons between cultivated 
and adjacent uncultivated soils were made. Thus, this study compared properties from soils 
collected under continuous cultivation from 5 to 30 years with those of nearby soils that were 
not cultivated for more than 20 years.  
Specific objectives: 
1. To quantify changes in selected soil chemical and microbiological properties at 2 
moisture conditions, 
2. To determine the N, P, and K uptake of rice and wheat as affected by changes in soil 
properties, and  
3. To determine the relationship between N, P and K uptake with soil properties. Two 
moisture regimes were used to simulate the growing conditions of rice and wheat.   
 
2.4 Materials and Methods 
2.4.1 Site Descriptions 
Soils were obtained from two rice-rice systems from the Philippines (IRRI and Pangil) and 
seven rice-wheat areas from the Indo-Gangetic Plains of South Asia (Pakistan, Nepal, 
Bangladesh, and India). In the rice-rice system, land preparation used was the conventional 
practice of wet-tillage followed by transplanting. Normally, the plots remained flooded from 
transplanting until 2 wk before harvest, followed by dry-fallow during about 2 months in 
between rice crops. No organic amendments were used.  In the rice-wheat system, land 
preparation and water management for rice were similar to those of the rice-rice system. And 
for wheat, land preparation used was the conventional dry cultivation with furrows. Wheat 
crops received three to four irrigations for the entire season.  
The information on soil classification, exact location, and climatic data is presented in 
Table 2.1. From each site, two different sets of soils were collected, one from a cultivated 
field and the other from an uncultivated area. Basic information for both cultivated and 
uncultivated soil is shown in Table 2.2. The uncultivated area taken from an adjacent site 
where disturbance from agricultural activity was minimal and was considered a natural
 5
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Table 2.1. Cropping system, taxonomic class, location, and climatic data (annual averages) of 
the studied soils. 
Sitea System Soil 
classification 
Latitude Longitude Rainfall Min. 
temp. 
Max. 
temp. 
   °N °E mm °C °C 
Philippines 
       
  IRRI, Laguna R-R Andaqueptic 
Haplaquolls 
14.11 121.15 1990 20 33 
        
  Pangil, Laguna R-R Aeric 
Tropaquepts 
14.11 121.14 1660 22 34 
India 
       
  Ludhiana, Punjab R-W Typic 
Ustipsamments 
30.91 75.85 734 16 30 
        
  Pantnagar, Uttranchal R-W Typic Hapludolls 29.00 79.30 1400 5 40 
        
  Meerut, Uttar Pradesh R-W Typic 
Ustochrepts 
29.05 77.42 800 0 45 
        
  Karnal, Haryana R-W Aquic 
Natrustalfs 
29.36 77.01 600 10 45 
Nepal 
       
  Parwanipur, Narayani R-W Typic 
Halaquepts 
27.21 84.53 1550 8 35 
Bangladesh 
       
  Kushtia, Kusthia R-W Typic 
Halaquepts 
23.36 88.34 1555 10 38 
Pakistan 
       
  Lahore, Punjab R-W Typic 
Ustochrepts 
31.33 74.24 550 10 35 
aR-R is rice-rice, R-W is rice-wheat 
 
 
Table 2.2.Soil texture, period of cultivation and fertilizer management. 
Uncultivated Cultivated Soil 
Clay Silt Sand Texture Period of 
non-
cultivation 
Clay Silt Sand Texture N P K Period 
 of  
cultivation 
Field 
types 
 ________%_______      __kg ha-1 yr-1__   
IRRI 63 33 4 C 30 57 33 10 C 120 60 0 17 R 
Pangil 60 38 2 C 20 50 40 10 C 160 0 0 10 R 
Kusthia 25 67 8 SiL N 18 66 16 SiL 376 74 0 15 F 
Pantnagar 10 48 42 L 30 18 50 32 L 240 26 66 12 R 
Parwanip
ur 
15 53 32 SiL 100 13 51 36 SiL 240 52 0 30 R 
Lahore 13 38 49 L 20 10 38 52 L 160 0 0 5 R 
Ludhiana 15 20 65 SL 20 18 20 62 SL 240 52 0 10 R 
Meerut 18 56 26 SiL 5 16 50 34 SiL 240 52 0 20 R 
Karnal 30 63 7 SiCL N 30 66 4 SiCL 240 52 66 20 R 
N is never been cultivated, R is reasearcher’s field, F is farmer’s field, C is clay, SiL is silt loam, L is loam, SL is sandy loam,  
SICL is silty clay loam. 
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control (Gregorich et al. 1997) and each uncultivated soil sample was a composite of 10 
random locations. The soil samples from all the sites were collected about 2 wk after rice 
harvest from 0- to 20-cm depth using a 5-cm-diam. auger. Each sample was a composite from 
ten locations from the cultivated soil. The fresh soil was mixed thoroughly, air-dried and sent 
to IRRI, Philippines. Soil samples were then sieved through a 2-mm screen prior to soil 
incubation set up. 
2.4.2 Laboratory Experiment 
To evaluate changes in soil chemical and microbiological properties, the cultivated and 
uncultivated soils were incubated under flooded and field-capacity moisture conditions with 
open vials in dark incubators. Flooded incubation (2-3 cm standing water above soil) was 
used to simulate the rice-growing environment and field-capacity moisture to simulate the 
wheat-growing environment. One hundred grams of soil (replicated three times) was 
incubated for 6 wk at 35 °C. Field capacity was measured using pressure plates in which 
moisture content was measured in grams of water per g of soil, and 75% field capacity was 
maintained by replacing water lost through weighing. After 6 wk of incubation, the soil was 
analysed for chemical and microbiological properties whereas it was air dried before being 
analysed for the contents of total C (TC) and total N (TN)).  
2.4.2.1 Soil Chemical Analyses 
Total C (TC) and total N (TN) were determined by automated combustion using a Perkin-
Elmer 2400 elemental CHN analyzer (Jimenez and Ladha 1993). Mineralizable nitrogen 
(PMN) was determined as the sum of exchangeable NH4+-N and soluble NO3- N from 2 M 
KCl extracts analyzed using colorimetric methods by Kempers and Zweers (1986) and 
Keeney and Nelson (1982), respectively. Hot-water-soluble carbon (HWSC) was determined 
from 20 g of wet soil by boiling with distilled water (1:5) for 1 h under moderate reflux 
(Schulz and Korschens 1998). Water-soluble C (WSOC) was determined by shaking 12 g of 
wet soil with 50 ml of deionized distilled water for 1 h in a horizontal shaker. The soil 
suspension was centrifuged for 30 min at 6953x g and filtered through Whatman No. 42 filter 
paper. The total organic C in solution was measured using the 1020A combustion total 
organic C (TOC) analyzer (Oceanography International Corporation, College Station, Texas). 
Soil pH was measured in 1:2 soil:H2O suspension. Available P was analyzed using the 
modified Olsen P procedure (Olsen and Sommers 1982) and K using NH4Ac-extractable K 
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(Council on Soil Testing and Plant Analysis (CSTPA), 1974). Soil proteins were determined 
by the Folin-Ciocalteau method of Herbert et al. (1971). 
2.4.2.2 Soil Biological Analyses 
Soil microbial biomass C (MBC) was measured by fumigation-extraction following the 
modified procedure of Inubushi et al. (1991). Soil protease activity (PA) was measured by 
adding sodium caseinate as substrate to soil samples and resulting supernatant was analyzed 
for tyrosine equivalents using Folin reagents (Ladd and Butler (1972). Alkaline phosphatase 
activity (APA) was analyzed using the p-nitrophenyl phosphate assay (Tabatabai and 
Bremner 1969). Dehydrogenase activity (DA) was determined by the reduction of 2-p-iodo-
nitrophenyl-phenyltetrazolium chloride (INT) to iodo-nitrophenyl formazan (INTF) (Garcia 
et al. 1997).  
Respiratory utilization of sole C sources by BIOLOG was measured to provide a 
metabolic profile of the bacterial community’s ability to use specific C sources that would 
indicate functional diversity (Garland and Mills 1991). Microbial functional diversity is 
defined as the number, types, activities, and rates at which a suite of substrates is utilized by 
the bacterial community. Although the exact numbers and taxonomic identities of the 
bacterial species responsible for the BIOLOG reactions remain uncertain, the patterns of 
functional diversity within and among communities provide insight into soil microbial 
communities. Substrate richness (S) is the number of different substrates used by the 
microbial community. Substrate richness and diversity were determined using BIOLOG 
plates in which three replicates of 5 g soil were diluted 1000-fold in sterile distilled water. 
Then, 150 microliters were pipetted into each well in the BIOLOG GN microplate (Garland 
and Mills 1991). After inoculation, the microplate was incubated for 48 h at 30 °C and color 
development was measured at 590 nm using an automated plate reader (FLOUstar Galaxy 
BMG Labtechnologies). Substrate richness was determined based on the number of wells that 
were used as indicated by the tetrazolium dye. Substrate diversity (H) was measured using 
the information theory of Magurran (1988), as shown in the following equation:  
H = -pi (ln pi)  
where pi is the ratio of the activity on a particular substrate to the sum of activities on all 
substrates. 
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2.4.3 Greenhouse Experiment 
To determine the inherent N-, P-, and K-supplying capacities of the soils collected from 
cultivated and uncultivated soils, a greenhouse/glasshouse pot experiment was conducted 
from August 2002 to March 2003 at the International Rice Research Institute (IRRI). The 
experiment was laid out in a factorial design with three replications. The greenhouse set-up 
was for the rice crop, whereas the glasshouse experiment was for the wheat crop for which 
the temperature was controlled (10 to 25 °C night/day temperature). The pot size was 12-cm 
diam. and the amount of soil was 300 g (oven dry weight basis). The inherent N-, P-, and K-
supplying capacities were measured as the N, P, and K uptake of plants grown in pots with a 
missing element (–N, –P, and –K), respectively.  
Three wk old seedlings (IR72) were transplanted in pots that were flooded 2 wk before 
transplanting. The following fertilizer rates were used in mg N, P, and K per kg soil: 1) 0-15-
20 (N omission), 2) 62.5-0-20 (P omission), 3) 62.5-15-0 (K omission), and 4) 62.5-15-20 
(full N, P, and K). Nitrogen fertilizer was applied a day before transplanting and at tillering 
stage in equal splits while full doses of P and K fertilizers were applied 2 d before 
transplanting. Floodwater of 3 cm was maintained. The rice plants were harvested at 
flowering stage. 
After harvesting rice, wheat (PBW 343) was grown on the same pots with one plant per 
pot. Field-capacity moisture was determined and soil water was maintained by making up the 
loss in water every third day during the study. Wheat plants were fertilized using the 
following rates in mg N, P, and K per kg soil: 1) 0-15-30 (N omission), 2) 65-0-30 (P 
omission), 3) 65-15-0 (K omission), and 4) 65-15-30 (full N, P, and K). Phosphorus and K 
were applied once after thinning while N was applied in two equal splits after thinning and at 
tillering stage. Wheat plants were harvested at booting stage. 
Soil particles adhering to the rice and wheat crops were removed at harvest. Samples were 
oven-dried at 70 °C for 72 h, then ground and analyzed. Plant N was analyzed using the 
Kjeldahl procedure, whereas P and K were determined by wet ashing and spectrophotometry 
procedures (Varley 1966). 
2.4.4 Data Analysis 
Means of each pair of cultivated versus uncultivated were compared using pairwise 
comparison (SAS 1995). Significance of the change in cultivation across all soils was 
determined by computing the 95% confidence interval (CI) and correlation was done using 
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the Pearson method. Unless indicated otherwise, differences were considered significant only 
when P≤0.05. 
 
2.5 Results 
2.5.1 Chemical Properties 
For cultivated and uncultivated soils the NH4OAc-extractable K ranged from 52 to 299 
and 66 to 374 mg kg-1 soil, respectively when incubated under flooded moisture (Table 2.3). 
When incubated at field capacity, the NH4OAc-extractable K of the cultivated and 
uncultivated soil ranged from 49 to 270 and 67 to 374 mg kg-1 soil, respectively (Table 2.3). 
The amount of NH4OAc-extractable K was significantly lower (20% to 80%) in 7 out of 9 
cultivated soils than in the corresponding uncultivated soils in both flooded and field-capacity 
incubations (Tables 2.3). The extractable K in Karnal and Pantnagar was not different in 
cultivated and uncultivated soils, which could be explained by the fact that both soils 
received regular K fertilizer application. No other soils received K application. 
Olsen P ranged from 1.2 to 40.3 and 3.7 to 29.4 mg kg-1 soil in cultivated and uncultivated 
soils, respectively (Table 2.3). Highest and lowest values were observed in cultivated soils. 
Highest content was observed in Parwanipur that received P fertilizer and lowest in Pangil 
that did not receive any P application. The Olsen P content was significantly lower in 
cultivated than uncultivated soils in Pantnagar, Lahore and Pangil and the difference ranged 
from 40% to 83% and 54% to 85% under flooded and field-capacity incubations, 
respectively. In most cultivated soils, the soil P was higher than the critical limits (5 mg kg-1 
in acid soils or 25 mg kg-1 in calcareous soils) (Dobermann and Fairhurst 2000) and the 
differences could be explained by the rates of fertilizer being applied at each site. 
Mineralizable N (NH4 + NO3-) ranged from 0.5 to 85.7 mg kg -1 in cultivated and 0.4 to 137 
mg kg -1 in uncultivated soils both flooded soils and in soil at field capacity (Table 2.3). The 
decomposable organic C fraction measured as WSOC and HWSOC (0.07% to 0.50% and 
0.50% to 1.70% of total C, respectively) showed significantly lower values in most of the 
cultivated soils (7 out of 9) compared with the corresponding uncultivated soils (Tables 2.3).  
The amount of significant reduction for WSOC was from 59% to 88% under flooded 
incubation and 43% to 87% under field capacity. The significant reduction in HWSOC 
ranged from 36% to 72% in flooded incubation and from 15% to 73% in field-capacity 
incubation. The highest difference was observed with Lahore and Parwanipur soils. 
 
Table 2.3. Chemical properties and microbial biomass C of cultivated and uncultivated soils incubated after 6 wk under flooded and 
field-capacity moisture conditions. 
Propertya IRRI Pangil Kushtia Pantnagar Parwanipur Lahore Ludhiana Meerut Karnal 
 
Moisture 
C U C U C U C U C U C U C U C U C U 
NH4OAc-K, mg kg-1  Fl 299 374** 60 301** 100 198** 52 66ns 72 119** 95 362** 79 241** 84 140** 138 161ns 
 FC 270 374** 61 310** 83 194** 49 67ns 65 106** 85 279** 72 246** 75 127** 132 158ns 
Olsen P, mg kg-1  Fl 24.1 11.2* 1.2 7.2* 17.2 12.1* 9.1 15.2* 40.3 29.4ns 8.8 18.6** 14.5 9.9* 12.9 5.9* 17.7 4.3** 
 FC 19.4 7.2** 2.4 15.5* 21.0 13.0** 5.9 16.2** 33.3 29.4ns 11.1 24.3** 11.1 6.5* 20.6 7.2* 13.7 3.7* 
PMN, mg kg-1 Fl 49.9 55.4ns 71.8 70.8ns 0.5 0.4ns 9.9 14.0ns 10.3 29.9** 4.1 24.5** 9.5 13.7ns 9.1 12.3ns 1.2 0.8ns 
 FC 74.7 87.5ns 85.7 137** 3.8 41.2** 12.7 7.1ns 8.2 41.9* 6.4 65.6** 11.9 14.0ns 2.0 7.8ns 15.1 11.5ns 
WSOC, mg kg-1 Fl 24.8 63.7* 118 121ns 10.2 27.1* 22.8 26.4ns 16.8 77.6** 10.0 85.5** 17.4 42.1* 14.5 41.3* 11.6 13.4ns 
 FC 18.5 21.2ns 6.7 6.9ns 8.8 18.0* 10.7 19.0* 9.4 27.4* 16.9 44.3** 6.1 20.0* 2.0 15.1 13.5 18.0ns 
HWSOC, mg kg-1 Fl 117 192* 265 413** 51 111* 93 114ns 70 252** 66 225** 60 130* 89 156ns 56 68ns 
 FC 62 118** 126 148* 71 131** 78 102* 46 172** 81 232** 49 126** 88 98ns 92.7 116ns 
TC, g kg-1 Fl 16.7 21.1** 25.1 30.1** 10.1 17.1** 9.0 14.6** 5.8 20.3** 7.0 19.7** 5.0 8.5** 7.2 9.2* 15.7 15.6ns 
 FC 18.9 23.5** 25.8 31.3** 10.1 16.5** 8.5 14.1** 5.8 19.5** 6.9 18.9* 5.0 7.8** 7.3 9.3* 15.4 15.1ns 
TN, g kg-1 Fl 1.8 2.1** 2.6 2.8** 0.8 1.2** 0.8 1.1** 0.6 1.3** 0.7 1.6** 0.6 1.0** 0.8 1.0** 1.3 1.5** 
 FC 1.8 2.1** 2.4 2.7** 0.8 1.2** 0.7 1.0** 0.57 1.2** 0.6 1.5** 0.6 0.9** 0.8 0.9* 1.2 1.5** 
SP, mg kg-1 Fl 12.8 14.3ns 21.1 26.0ns 4.5 8.0ns 5.9 6.1ns 4.1 19.6** 2.8 11.2** 4.7 5.2ns 3.2 5.5ns 3.9 5.0ns 
 FC 6.2 9.9ns 10.3 13.5ns 2.9 3.8ns 5.0 3.8ns 3.6 11.9** 2.5 8.4* 3.8 3.5ns 2.0 3.5ns 2.3 2.3ns 
MBC mg kg-1 Fl 87 159ns 204 183ns 79 190** 40 90* 17 100* 71 196** 59 83ns 113 111ns 160 272* 
 FC 151 162ns 230 317ns 129 218* 43 77* 59 117* 22 80* 52 94ns 126 105ns 81 181** 
 
aPMN is mineralizable N (NH4 + NO3), WSOC iswater-soluble organic C, HWSOC is hot-water-soluble organic C, TC is total C, TN is total N, SP is soil 
protein, MBC is microbial biomass C, Fl is flooded, FC is field capacity, C is cultivated soil, U is uncultivated soil. 
b *, **, and ns,  significant at P = 0.05, P =0.01, and not significant, respectively. 
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Total C in cultivated soils was consistently lower than in corresponding uncultivated soils in 
both flooded and field-capacity incubations, except in Karnal soil (Table 2.3). The decline in 
total C in cultivated soils was highest in Parwanipur and Lahore, with a reduction of 70% and 
71% in Parwanipur and 63% and 64% in Lahore under flooded and field-capacity incubations, 
respectively. In addition TN was significantly lower in cultivated soils in all the studied soils 
(Tables 2.3). The difference ranged from 7% to 82% under flooded incubation and from 11% to 
60% under field capacity incubation. Parwanipur and Lahore soils had the highest difference 
between the cultivated and uncultivated soils, whereas the lowest difference was observed in 
Pangil and IRRI soils. Also, soil protein was lower by 70 to 79% in Parwanipur and by 70 to 
75% in Lahore when analyzed from flooded and field capacity incubations (Table 2.3).  
Averages of the 9 soils were calculated to determine general trends to show whether the 
measured soil properties from cultivated soils had changed when compared with those of the 
uncultivated soils (Table 2.4). The negative ranges of the confidence interval (CI) values 
indicated that NH4OAc-K, WSOC, HWSOC, TC, TN and soil protein contents of the cultivated 
soils were lower compared to uncultivated soils. These soil properties were significantly 
decreased by agricultural use of soil. As an average NH4OAc -extractable K decreased by 48% 
in flooded incubation and by 49% under field-capacity incubation across sites. Both WSOC and 
HWSOC decreased in cultivated soils by 48% when measured under flooded incubation and by 
44% under field-capacity incubation. For TC, the cultivated soils had a reduction of 35% when 
compared with the corresponding uncultivated soils calculated for both flooded and field-
capacity incubations. Moreover, TN in the cultivated soils calculated across sites had values 
lower than the uncultivated soils by 33% and 27% measured from flooded and field-capacity 
incubations, respectively. 
2.5.2 Soil Microbiological Properties 
Soil microbiological properties had variable responses in cultivated and uncultivated soils. When 
measured from field-capacity incubation, dehydrogenase activity (DA), protease activity (PA),  
and alkaline phosphatase activity (APA) were negligible and had no differences between 
cultivated and uncultivated soils except in IRRI soil, which had higher APA in the former than in 
the latter (data not shown). Under flooded incubation, no differences were observed in PA and 
APA between cultivated and uncultivated soils but DA was 3 to 100 times higher than when soil 
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was incubated at field capacity. DA was also higher (68% to 99%) in uncultivated soils than in 
cultivated soils at IRRI, Parwanipur, and Pangil (data not shown).   
For cultivated and uncultivated soils the MBC content in both flooded and field capacity 
incubations ranged from 17 to 230 and 77 to 317 mg kg-1 soil, respectively (Table 2.3). 
Microbial biomass C significantly decreased in 5 out of 9 cultivated soils analyzed from both 
flooded and field-capacity incubations (Tables 2.3). The percent of organic C present as 
microbial C was all below 2% in all the studied soils. The average of the MBC for the 9 soils 
was calculated to determine general trends and results showed a significant decline when 
considering all 9 soils, as indicated by the negative CI value (Table 2.4). A significant reduction 
of 38% occurred across sites under both flooded and field-capacity incubations. To assess 
functional diversity of microbial communities, the BIOLOG microplate was used to detect the 
utilization of specific C sources and the degree of substrate utilization. Microbial functional 
diversity (H) and richness (S) of culturable microorganisms were higher in uncultivated soils in 
all the C substrates in Parwanipur, in most of the substrates used in Meerut, IRRI, and Lahore 
and in a few substrates in Karnal, Ludhiana, and Pangil (Table 2.5). Among the exceptions, the 
soils of Kusthia and Pantnagar were remarkable in the sense that both microbiological 
parameters in uncultivated soils were not significantly different from those of the cultivated soils 
in all the substrates used (Table 2.5).  
 
2.5.3 Soil N, P, and K Supply and Its Relationship with Soil Properties 
Total plant N uptake from both rice and wheat grown in cultivated and uncultivated soils 
ranged from 22 to 186 and 32 to 255 mg kg-1, respectively (Table 2.6). The N uptake was lower 
in cultivated soils in only 4 out of 9 soils (Tables 2.6). Nitrogen uptake decline was highest in 
Lahore (74%) and Parwanipur (63%). The total P uptake of rice and wheat ranged from 6 to 38 
mg kg-1in the cultivated soils and from 4 to 35 in the uncultivated soils (Table 2.6). Phosphorus 
uptake in IRRI soil increased by more than 100% in the cultivated soil, while Pantnagar and 
Parwanipur decreased by 20% and 31%, respectively even with P applications, and Lahore soil 
with no P fertilizer addition had the highest P uptake decline (48%). Total K uptake ranged from 
118 to 336 mg kg-1 in cultivated soils and from 126 to 397 mg kg-1 in uncultivated soils (Table 
2.6). The cultivated soils in IRRI, Pangil, Lahore, Ludhiana and Meerut had significantly lower  
Table 2.4. Averages of soil properties and values of the confidence interval (CI) of means in cultivated and uncultivated soils under 
flooded and field-capacity moisture conditions. 
Propertya Flooded    Field capacity   
 C U  
95% CI  of 
means 
 
C U 
95% CI  of 
means  
NH4OAc-K, mg kg-1  
Olsen P, mg kg-1 
PMN, mg kg-1 
WSOC, mg kg-1 
HWSOC, mg kg-1 
TC, g kg-1 
TN, g kg-1 
SP, mg kg-1 
MBC, mg kg-1 
111.4 
16.2 
18.5 
28.1  
96.3 
11.3 
1.1 
7.0 
92.3 
215.4 
12.6 
24.6 
54.0 
184.9 
17.3 
1.7 
11.2 
153.9 
-180.5 to -27.6 
-3.2 to 10.3 
-12.5 to 0.1 
-47.9 to -5.2 
-135.1 to -42.1 
-9.7 to -2.3 
-1.2 to -0.0004 
-8.0 to -0.4 
101.9 to -21.2 
 102.1 
14.9 
24.5 
11.1 
77.0 
11.5 
1.1 
4.3 
92.9 
203.8 
14.2 
46.0 
20.3 
138.2 
17.2 
1.5 
6.7 
150.2 
-170.9 to -32.5 
-7.8 to 9.2 
-40.2 to -2.8 
-17.2 to -1.2 
-99.1 to -23.3 
-9.3 to -2.2 
-0.5 to -0.2 
-4.8 to -0.04 
-85.3 to -23.5 
aPMN is mineralizable N (NH4 + NO3), WSOC is water-soluble organic C, HWSOC is hot-water-soluble organic C, TC is total C, TN 
is total N, SP is soil protein, MBC is microbial biomass C, C is cultivated soil, U is uncultivated soil 
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K uptake compared with the corresponding uncultivated soils (Table 2.6). Total above ground 
biomass of rice and wheat was lower in 4 out of 9 cultivated soils, with 20 to 65% significant 
reduction (Table 2.6). These four soils were also the soils with significant decline in N uptake. 
Significant relationship exists between N uptake and most of the soil properties measured 
(PMN, WSOC, HWSOC, TC, TN, and SP) while only olsen P is correlated with P uptake (Table 
2.7). Potassium uptake was significantly correlated with NH4OAc-extractable K and PMN in 
rice and with NH4OAc-extractable K, PMN and TN in wheat (Table 2.7).  
 
2.6 Discussion 
In this study, the hypothesis was that the condition of cultivated soil before it was used for 
growing rice or wheat crops was similar to that of uncultivated soil (which served as control). 
And, any changes (positive or negative) in soil properties were attributed to the soil being used 
for cultivation. Normally, management-induced changes are assessed by monitoring long-term 
on-station experiments, which not only takes more time but also suffers from the problem that 
these experiments are based on fixed plots with static cultural management practices. An 
alternative is to use uncultivated soil and compare it with cultivated soil to assess and quantify 
cultivation effects on soil properties. 
Agricultural use of soil affected its chemical properties (NH4OAc-K, WSOC, HWSOC, TC, TN, 
and SP). The changes in these properties were associated with the fertilizer management 
practices at each site especially for extractable NH4OAc-K and Olsen P. Extractable NH4OAc-K 
in cultivated soils decreased where there was no K application and was maintained in soils that 
received K fertilizer. For soils that did not receive any K fertilizer, the inherent K supply was 
being depleted due to continuous K outflow extracted from the soil by a crop. The necessity of K 
fertilizer for yield sustainability of rice and wheat from long-term experiment in China was 
reported (Shen et al. 2007). Olsen P declined in the cultivated soil where very minimal or no P 
application was done. However, higher Olsen P in cultivated soils was observed with soils that 
received P fertilizer. 
Total C was significantly lower in all the cultivated soils as compared to the uncultivated soils 
but magnitude of reduction varied. The reduction in total C in the cultivated soils could be due to 
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Table 2.5. Effect of cultivation on the microbial diversity of flooded incubated soils as evaluated by Shannon’s diversity index (H) and 
substrate richness (S) using carbohydrates, carboxylic acid, amino acid, and polymer BIOLOG substrates. 
 
IRRI Pangil Kushtia Pantnagar Parwanipur Lahore Ludhiana Meerut Karnal Propertya  
C U  C U C U C U C U C U C U C U C U 
Diversity (H) 
Carbo 
Carboxy 
AA 
Poly 
 
1.5 
1.4 
1.1 
0.8 
 
2.2* 
2.9** 
2.7** 
1.0ns 
 
2.1 
2.3 
2.0 
0.4 
 
2.6ns 
2.9 ns 
2.6ns 
1.0ns 
 
3.0 
2.4 
2.2 
1.0 
 
3.1ns 
2.5ns 
2.6ns 
1.4ns 
 
1.9 
2.0 
1.7 
0.9 
 
2.3ns 
2.0ns 
1.8ns 
1.1ns 
 
1.8 
1.4 
0.8 
0.4 
 
3.2** 
2.9** 
2.7** 
1.4** 
 
2.3 
1.1 
0.4 
0.6 
 
2.3ns 
2.6** 
2.4** 
0.9ns 
 
1.6 
1.1 
0.8 
0.6 
 
2.0ns 
1.6ns 
1.7* 
0.8ns 
 
1.5 
1.0 
0.2 
0.3 
 
2.4** 
2.4** 
2.3** 
0.9* 
 
2.8 
2.0 
2.1 
1.1 
 
2.8ns 
2.5* 
2.5ns 
1.2ns 
Richness (S) 
Carbo 
Carboxy 
AA 
Poly 
 
7.0 
7.3 
5.3 
2.3 
 
12.0* 
20.7* 
15.7* 
3.3ns 
 
9.3 
11.3 
8.3 
2.0 
 
16.0ns 
22.2* 
14.3* 
3.0ns 
 
23.3 
13.3 
13.3 
3.7 
 
25.0ns 
15.7ns 
15.7ns 
4.0ns 
 
9.0 
10.0 
7.7 
3.0 
 
13.0ns 
10.3ns 
8.3ns 
3.7ns 
 
8.7 
5.0 
3.3 
2.3 
 
27.7** 
20.0** 
16.3** 
4.0* 
 
13.3 
6.3 
2.3 
2.3 
 
15.0ns 
16.7** 
13.7** 
3.3ns 
 
7.0 
7.7 
2.7 
2.3 
 
10.7ns 
9.3ns 
8.3* 
3.0ns 
 
11.7 
4.3 
1.7 
2.3 
 
13.7ns 
14.3* 
11.3* 
3.3* 
 
21.7 
10.3 
11.3 
3.7 
 
22.0ns 
15.0* 
13.7 ns 
3.7ns 
aSubstrate: Carbo is carbohydrate, Carboxy is carboxylic acid, AA is amino acid, Poly is polymers, C is cultivated soil, U is 
uncultivated soil. 
b *, **, and ns, significant at P = 0.05, P = 0.01, and not significant, respectively. 
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Table 2.6. Total N, P, and K uptake and biomass combined from rice and wheat of cultivated and uncultivated soils at harvest 
(flowering stage for rice and booting stage for wheat). 
IRRI Pangil Kushtia Pantnagar 
Parwanipu
r Lahore Ludhiana Meerut Karnal Property 
C U C U C U C U C U C U C U C U C U 
N uptake, 
mg N kg-1 
soil 
127 134ns 186 255* 30 35ns 56 68ns 43 115* 34 130* 34 46
ns 30 58* 22 32ns 
P uptake, 
mg P kg-1 
soil 
38 18* 13 13ns 12 9ns 16 20* 24 35* 14 27* 14 16ns 13 10 * 6 4* 
K uptake, 
mg K kg-1 
soil  
336 397 * 125 303*
* 
14
7 
126ns 17
9 
157ns 153 138n
s 
147 310*
* 
155 183
* 
129 201
* 
11
8 
126ns 
Dry weight, 
g pot-1 
6.37 5.29* 4.56 5.36
* 
1.7
3 
1.40n
s 
2.6
6 
3.16n
s 
2.6
9 
4.51
* 
1.82 5.15* 2.0
6 
2.77
ns 
1.5
6 
2.72
* 
1.2
8 
1.35ns 
aC is cultivated soil, U is uncultivated soil. 
b *, **, and ns, significant at P = 0.05, P = 0.01, and not significant, respectively. 
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Table 2.7. Correlation coefficients of different soil properties with N, P, and K uptake of rice and  
wheat. 
Propertya Rice   Wheat   
 N 
uptake 
P 
uptake 
K 
uptak
e 
N 
uptake 
P 
uptak
e 
K 
uptake 
NH4OAc-K, mg kg-1 
0.44 ns 0.28 ns 0.82* 0.73** 0.19 ns 0.67** 
Olsen P, mg kg-1 
-0.16 ns 0.61** 0.13 ns 0.11 ns 0.64* -0.21 
ns 
PMN, mg kg-1 
0.96** 0.36 ns 0.56* 0.76** 0.18 ns 0.66* 
WSOC, mg kg-1 
0.92** 0.23 ns 0.38 ns 0.34 ns 0.26 ns 0.10 ns 
HWSOC, mg kg-1 
0.92** 0.21 ns 0.42 ns 0.56* 0.14 ns 0.50 ns 
TC, mg kg-1 
0.83** 0.14 ns 0.38 ns 0.71* 0.10 ns 0.66 ns 
TN, mg kg-1 
0.89** 0.10 ns 0.44 ns 0.66* 0.03 0.68* 
SP, mg kg-1 
0.95** 0.32 ns 0.42 ns 0.68* 0.44 ns 0.61 ns 
MBC, mg kg-1 0.33
 ns -0.32
 
ns 0.03
 ns 0.57 ns 0.10 ns 0.70
 ns 
aPMN is mineralizable N (NH4 + NO3), WSOC is water-soluble organic C, HWSOC is hot-
water-soluble organic C, TC is total C, TN is total N, SP is soil protein, MBC is microbial 
biomass carbon.  
*, **, and ns, significant at P = 0.05, P = 0.01, and not significant, respectively. 
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lack of organic matter additions during the cultivation period. Cultivation reduces the input of 
plant residues and causes higher soil disturbance. Moreover, the small amount of plant residues 
present in cultivated soil undergoes an increased rate of decomposition and redistribution within 
the soil as enhanced by frequent and continuous tillage. Soil type appeared to affect 
decomposable organic C and total C declined as lighter textured soils (Parwanipur, Lahore) had 
higher reduction when compared to heavy clay soils (IRRI and Pangil) and this is in relation to 
the protection of clay to organic matter which is stronger in clayey soils. Moisture condition also 
affect the decline in total C and N pools, the rice-rice soils (flooded longer) had lower decline 
compared to the rice-wheat soils. The duration of cultivation appeared here not to be associated 
with the degree of total C reduction. The reduction was highest after both 5 years (Lahore) and 
30 years (Parwanipur) of cultivation (Table 1). This suggests a higher rate of reduction in the 
first few years of cultivation. Conversion of previously uncultivated soils to cultivated soils was 
observed to decline rapidly after three years of cultivation in other studies (Jaiyeoba 2003; 
Solomon et al. 2000).  
Those soils (Parwanipur, Lahore) that had higher reduction in WSOC, HWSOC, TC and TN 
also had higher decline in MBC. The significant decline in MBC across soils could be in 
response to the lowering of the quantity and perhaps quality of C in cultivated soils due to 
agricultural use. The disturbance caused by cultivation changes the size, composition, and 
activity of the microbial community (Angers et al. 1993; Fauci and Dick 1994, Granatstein et al. 
1987). It was also in Parwanipur and Lahore soils that functional diversity of culturable 
microorganisms declined significantly in almost all C substrates used. A significant reduction in 
diversity (H) and richness (S) for each specific substrate would indicate that the population of 
culturable microorganisms capable of utilizing that specific substrate group had declined. 
Diversity is directly correlated with system stability (Odum and Barret 2005) and diversity 
increases soil quality by affecting soil agglomeration and increasing fertility (Kirk et al. 2004). 
For the other soils, the reduction in diversity was not consistent with all the C-sources evaluated. 
The methods used here to study culturable microbial diversity and richness were probably not 
sensitive enough to capture the changes.  
The role of soil enzyme activities as sensitive indicators of management-induced changes in 
soil fertility and stress has been widely suggested (Dick et al. 1988; Masciandaro et al. 1998, 
Nannipieri 1994). However, we did not find any significant negative change in enzyme activities 
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across sites (as average of all soils). It was only within each soil comparison that we observed 
dehydrogenase activity reduction in 3 soils (data not shown).  
We used N, P, and K supply in the form of uptake by rice and wheat to assess the effect of 
agricultural use to the soil’s capacity to support plant growth.  The declining total C caused 
lower N uptake, especially in Parwanipur and Lahore. Despite the addition of N fertilizer, N 
uptake declined in the cultivated soils. The addition of P fertilizer maintained P uptake in the 
cultivated soils and even increased in IRRI soil that was collected from rice-rice system. 
Flooding increases P availability (Ponnamperuma 1978) but, variation in the accumulation of P 
depends on various factors, such as type of soil and the amount of fertilizer added (Biswas and 
Benbi 1989), and interactions with other soil properties such as pH. The addition of K fertilizer 
maintained both the NH4OAc-K-extractable K in soil and K uptake in rice and wheat crops as 
observed in Pantnagar and Karnal. Soils that did not receive any fertilizer K had declined in both 
soil concentration and crop K uptake.  
Our results showed that C-related properties were significantly correlated with N uptake. 
Similar to the findings of Singh and Sarkar (1985), we also observed P uptake to correlate with 
Olsen P in both rice and wheat crops. An expected high correlation between NH4OAc-K and K 
uptake in both crops was obtained, but we were unable to explain the positive correlation 
between NH4OAc-K and N uptake of wheat. As expected crop biomass correlated with N, P and 
K uptake of plants. However, relationships should be verified in actual fields and in a broader 
range of soil types and climatic conditions, and more soil parameters should be evaluated and 
validated under field conditions. 
On the basis of this study, assessing management changes by comparing cultivated and 
uncultivated soils from different fields indicated negative changes in most of the selected soil 
properties that were measured. Changes were mostly associated with the existing fertilizer 
practices and, in general, fertilizers were not sufficient to replenish the deficit in soil nutrient 
pool created by continuous crop removal. 
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CHAPTER 3 
EFFECT OF MANAGEMENT PRACTICES ON METHANE EMISSIONS AND CROP 
YIELD IN IRRIGATED RICE 
 
3.1 Summary 
The experimental layout allowed automated measurements of methane emissions from 
irrigated rice fields as affected by water regime, soil amendments (mineral and organic), and 
cultivars. In addition to emission records over 24 h,ebullition and dissolved methane in soil 
solution were recorded in weekly intervals. Emission rates varied in a very wide range from 5 to 
634 kg methane ha-1, depending on season and management. In the 1994 and 1996 experiments, 
field drying at midtillering reduced methane emissions by 15-80% as compared with continuous 
flooding, without a significant effect on grain yield. The net impact of midtillering drainage was 
diminished when (i) rainfall was strong during the drainage period and (ii) emissions were 
suppressed by very low levels of organic substrate in the soil. Five cultivars were tested in the 
1995 dry and wet season. The cultivar IR72 gave higher methane emissions than the other 
cultivars including the new plant type (IR65597) with an enhanced yield potential. Incorporation 
of rice straw to the soil resulted in an early peak of methane emission rates. About 66% of the 
total seasonal emission from rice straw-treated plots was emitted during the vegetative stage. 
Methane fluxes generated from the application of straw were 34 times higher than those 
generated with the use of urea. Application of green manure (Sesbania rostrata) gave only 
threefold increase in emission as compared with urea-treated plots. Application of ammomiun 
sulfate significantly reduced seasonal emission as compared with urea application. Thus, 
methane emission from irrigated field can be minimized with the correct combination of cultivar, 
water management and fertilizer. 
 
3.2 Introduction 
Ricelands can be classified as irrigated lowland, rain-fed lowland, deepwater, or upland. 
Irrigated lowland rice is grown under flooded conditions. The flooding of a rice field initiates a 
series of events resulting in methane production as the final step (Ponnamperuma, 1972). 
Methane is the second most important greenhouse gas and accounts for 15-20% of the radiative 
force added to the atmosphere (IPCC, 1996). Rice fields have been accredited as an important 
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source of anthropogenic methane, with estimates of annual emission ranging from 47 to 60 Tg 
per year, representing 8.5-10.9% of total emission from all sources (Manjunath et al, 2006). Rice 
plants possess intracellular air spaces called aerenchyma, an adaptation to flooding condition. 
Aerenchyma in leaf blades, leaf sheaths, culm, and roots provide an efficient medium for oxygen 
supply into the root system, but also facilitates the transport of methane to the atmosphere 
(Aulakh et al, 2000).  Methane flux via the rice plants may account for up to 90% of the methane 
released from rice fields into the atmosphere for the entire growing season (Wassmann and 
Aulakh, 2000). The rice plant also supplies substrates in the form of root exudates and degrading 
roots (Aulakh et al 2001). The high in situ fluxes of methane during the reproductive phase of the 
rice plants have been attributed to the supply of organic C from rice root exudation (Neue and 
Sass, 1994). The critical plant traits for methane emission, i.e. root exudation and gas transport 
capacity, appear to vary within rice cultivars (Aulakh et al , 2001;2002). The flux rates of gases 
through the aerenchyma are affected by several factors such as concentration gradient; diffusivity 
and internal structure of the aerenchyma, tiller density, root biomass, rooting patterns, total 
biomass, and metabolic activity (Mariko et al, 1991; Wang et al, 1997; Aulakh et al 2002). These 
traits are not only related to rice genotypes, but their expression in the field is also affected by 
environmental factors (Wassmann and Aulakh, 2000). 
Methane emissions from rice fields are governed by a complex set of parameters that link the 
physical and biological characteristics of flooded soil environments with specific agricultural 
management practices. In particular the impact of different management practices has been 
addressed in several field studies. Methane emissions are influenced by water regime (Buendia et 
al 1997), cultivars (Neue et al, 2000; Wassmann et al, 2002), and application of organic and 
inorganic amendments (Yagi and Minami, 1990; Schutz et al, 1989). Overall, the interaction of 
these controlling factors makes it difficult to arrive at better prediction and estimates of methane 
emission from rice fields. The pressure to produce more rice due to increasing demand for food 
is becoming urgent with time. Rice cultivation practices have to adjust to enhance higher yield. 
Future technologies will rely on the adoption of high yielding genotypes, efficient water 
management, and increase use of fertilizers. Some production practices may promote methane 
emissions while others may infer a net decrease of the methane source strength. The extent to 
which different rice ecosystems and currently employed technologies contribute to methane 
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emissions is not clear yet. A mechanistic understanding of crop management impacts is essential 
in achieving an environmentally sound rice production in the future.  
 
3.3 Objectives 
The objectives of this field study conducted in IRRI experimental fields were: 
1. to determine the effect of water treatments, cultivar, residue incorporation and 
fertilizer type on methane emission and grain yield; and 
2. to identify simpler parameter to measure methane emission comparable to the 
measurement from the automated chamber technique. 
 
3.4 Material and Methods 
3.4.1 Experimental site, treatments, layout 
Experiments were conducted in a rice field at the experimental farm of the International Rice 
Research Institute in Los Baños, Laguna, Philippines (14° 09’N, 121°15”E). According to FAO-
AEZ classification, Los Baños is located in the warm humid tropics with annual rainfall of 
2027mm, mean solar radiation of 16.1 MJ m-2d-1 mean temperatures of 26.8 °C and mean rainy 
days of 155 in a year. The soil is classified as Aquandic Epiaqualf with soil pH of 6.6, 1.2% 
organic C, 14% total N, 2.8% active Fe, 19 mg kg-1 avail P, and 0.92 mg kg-1 avail K. The soil 
has silt-clay texture (44% silt and 43% clay). 
Details of the experiments in the dry seasons (DS) and wet seasons (WS) from 1994 to 1997 
were summarized in Table 3.1. Three aspects of rice cultivation were evaluated as to their 
influences on methane emission: water regime (1994 and 1996); cultivar (1995), and 
organic/inorganic amendments (1997). The treatments of water regime consisted of continuous 
flooding (maintaining 5 cm floodwater throughout the season), pre harvest drainange (drainage 
at 14 d before harvest until harvest), and dual drainage (drainage at midtillering for 20 d and 
drainage at 14 d before harvest). The 1997 experiment included amendments of rice straw, green 
manure (Sesbania rostrata), urea and ammonium sulfate. Three genotypes were evaluated in 
1995 DS and four genotypes in 1995 WS. 
Twelve experimental plots (4m x 5m) were laid out using a randomized complete block 
design (RCBD). One season experiment comprised 3 or 4 treatments with four or three 
replicates, respectively (Table 3.1). Rice seedlings (21 d old) were transplanted at 20 x 20 cm 
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spacing. Plots were applied with 120-30-30 kg ha-1 N (as urea), P2O5, and K2O, respectively, 
except for studies on organic and inorganic amendments where N applications were modified 
(Table 3.1). 
 
3.4.2 Measurements 
Methane emision rates were determined by an automatic system based on the “closed 
chamber technique”. This system is a modified version of the system originally described by 
Schutz et al. (1989). Technical details are described fully in Wassmann et al (2000). In brief, the 
automatic system consists of two major parts: a sampling component and an analytical 
component. The sampling component consists of chambers connected to a tube and valve system 
regulated by a multiport valve connected to a gas chromatograph (GC). The analytical 
components are a GC equipped with two flame ionization detector channels and an integrator. 
The system is calibrated from a tank (connected to the sample loop) filled with compressed air of 
a known CI-I4 concentration. Chambers are closed for 16 minutes, during which methane 
concentrations are sampled four times. There are twelve chambers and the sampling cycle is 
repeated every two hours. Chamber operation, sampling, and data acquisition are computer-
controlled and run continuously.Emission rates rates were determined in a 2-h intervals; four 
records of the methane concentrations inside each chamber were used for regression analysis. 
Methane ebullition was measured using small plexiglass chambers (l:40 cm, w:20cm, h:20cm) 
placed for 24 h between plant rows (Wassmann et al 1996).These measurements were conducted 
once a week with four chambers per treatment; ebullition covered the entire flooding period 
(before and after transplanting) and also included the drainage periods during the growing 
season. Weekly records were interpolated to compute cumulative ebullition rates. Measurements 
were conducted in weekly intervals. Dissolved methane was determined in soil solution that was 
sampled through tubing of porous ceramic (Alberto et al., 2000). Measurements were done in 
weekly intervals. 
 
3.4.3 Data Analysis 
Statistical analysis of experimental data was done using STATISTICA program (Statsoft, Inc. 
1993). 
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3.5. Results and discussion 
3.5.1 Effect of water regime 
The water treatments did not affect biomass and grain yields in 1994 and 1996 seasons (Table 
3.2) in either season. In 1994 DS, field drying for 20 d starting at midtillering (19 d after 
transplanting (DAT) resulted in a substantial reduction in methane emission (Figure 3.1a). While 
the emission rates from the flooded plots showed a steady increase, the soil draining in the early 
phase of the growing season resulted in constant levels of emission rates until harvest. A late soil 
drainage between 85 and 99 DAT before harvest triggered a short-term spike in emissions 
followed by a deep plunge that lasted until harvest (Figure 3.1a). This preharvest drainage 
practice resulted to significantly higher mean emission as compared with the continuous flooding 
(Table 3.2). Also, seasonal patterns of ebullition rates in flooded conditions were closely related 
to the seasonal emission patterns (Figure 3.1b). Ebullition rates were reduced when field drying 
was imposed and showed only a moderate increase during the second half of the growing season. 
The reductive effect of drainage at midtillering in the two seasons of 1996 was not as 
pronounced as in 1994. Different reasons maybe singled out for the relative similarity among the 
different treatments in each of these seasons. In the 1996 DS, methane emission was generally on 
a very low level (Figure 3.2a). Even the preharvest drainage did not stimulate any release of 
entrapped methane, indicating a low methane production over the course of the flooding period. 
And this could be due to the complete removal of plant residues from the fields in the preceding 
three seasons (Table 3.1). Plant residues were incorporated during 1996 DS, but depletion in soil 
organic matter was apparently not yet compensated for and this constrained methane production 
in the soil. Methane emissions in the succeeding 1996 WS (Figure 3.2b) were back on the level 
found 2 yr earlier. However, heavy rainfalls in the drainage period have reversed the potential 
impact of the midtillering drainage. The amount of rainfall during midtillering drainage of 1996 
WS was 153 mm, whereas the corresponding amount in the other drainage experiments in 1994 
was less than 2mm. 
Dual drainage gave 80% and 59% reduction in seasonal emission as compared with 
continuous flooding in 1994 DS and WS (Table 3.2).Methane reduction was also observed by 
Sass et al (1992) in Texas in plots imposed with midseason drainage and by Bronson et al (1997) 
in plots with midseason drainage at either midtillering or panicle initiation stage at IRRI 
experimental fields. 
Table 3.1 Summary of modifying treatments for 1994-97 experiments, Los Baños 
   Organic amendment Inorganic amendment   
Year Season Water Managementa Input Plant Type
b Rate Cultivar Transplantb Har 
   Type Rate (kg N ha-1) residues      
1994 Dry Continuous   flooding None 0 Incorporated Urea 120 IR72 13/01 22/04 
  Preharvest Drainage None 0 Incorporated Urea 120 IR72 13/01 22/04 
  Dual Drainage None 0 Incorporated Urea 120 IR72 13/01 22/04 
           
 Wet Continuous flooding None 0 Removed Urea 120 IR72 14/07 22/10 
  Preharvest Drainage None 0 Removed Urea 120 IR72 14/07 22/10 
  Dual Drainage None 0 Removed Urea 120 IR72 14/07 22/10 
           
1995 Dry Dual Drainage None 0 Removed Urea 120 IR72 11/01 16/04 
  Dual Drainage None 0 Removed Urea 120 IR65597 20/01 16/04 
  Dual Drainage None 0 Removed Urea 120 Dular 20/01 16/04 
           
 Wet Dual Drainage None 0 Removed Urea 120 IR72 20/01 11/10 
  Dual Drainage None 0 Removed Urea 120 IR65597 04/06 03/10 
  Dual Drainage None 0 Removed Urea 120 PSBRc14 04/06 03/10 
  Dual Drainage None 0 Removed Urea 120 Magat 04/06 03/10 
           
1996 Dry Continuous flooding None 0 Incorporated Urea 120 IR72 09/01 18/04 
  Preharvest Drainage None 0 Incorporated Urea 120 IR72 09/01 18/04 
  Dual Drainage None 0 Incorporated Urea 120 IR72 09/01 18/04 
           
 Wet Continuous flooding None 0 Incorporated Urea 120 IR72 09/07 17/10 
  Preharvest Drainage None 0 Incorporated Urea 120 IR72 09/07 17/10 
  Dual Drainage None 0 Incorporated Urea 120 IR72 09/07 17/10 
  Continuous flooding None 0 Removed Urea 120 IR72 09/07 17/10 
           
1997 Dry Dual Drainage None 0 Incorporated Urea 150 IR72 10/01 20/04 
  Dual Drainage None 0 Incorporated Urea+AS 150 IR72 10/01 20/04 
  Dual Drainage Rice straw 60 Incorporated Urea 90 IR72 10/01 20/04 
  Dual Drainage Sesbania 60 Incorporated Urea 90 IR72 10/01 20/04 
           
 Wet Dual Drainage None 0 Incorporated Urea 150 IR72 09/07 14/10 
  Dual Drainage None 0 Incorporated Urea+AS 150 IR72 09/07 14/10 
  Dual Drainage Rice straw 60 Incorporated Urea 90 IR72 09/07 14/10 
  Dual Drainage Sesbania 60 Incorporated Urea 90 IR72 09/07 14/10 
aDual drainage=midtillering and preharvest drainage.  bAS= ammonium sulfate cDate (dd/mm) 
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Table 3.2 Mean CH4 emission rates, cumulative CH4 emission (before and after 
transplanting), and relative contribution by ebullition (in relation to cumulative 
emission), above ground biomass, and yield per modifying treatments (1994-
1997). 
      After transplanting   Before Transplanting 
      Mean Cumulative    Cumulative Above- Grain 
      emission emission Ebullition   emission ground yield 
Year Season Modified treatment 
(mg m-2d-
1) (kg ha-1) (%)   (kg ha-1) biomass 
(t-ha-
1) 
               (t-ha-1)  
1994 Dry Continuos flooding 227 b 225 11  n.d 7.9 a 5.3 a 
    Preharvest Drainage 254 a 251 10  n.d. 8.3 a 5.0 a 
    Dual Drainage 45 c 45 7  n.d. 8.0 a 5.1 a 
             
 Wet Continuous flooding 27 b 27 20  n.d. 7.5 a 3.8 a 
    Preharvest Drainage 35 a 35 25  n.d 6.9 a 4.1 a 
    Dual Drainage 11 c 11 27  n.d 7.0 a 3.4 a 
             
1995 Dry IR72 8 a 8 8  1 6.1 b 5.5 a 
    IR65597 7 b 7 22  1 8.0 a 4.0 a 
    Dular 6 b 5 15  0 7.0 ab 4.1 a 
             
  Wet IR72 8 a 8 11  0 7.9 a 3.1 b 
    IR65597 6 b 6 11  0 7.9 a 1.5 c 
    PSBRc14 6 b 6 12  0 7.1 ab 3.1 bc 
    Magat 4 c 4 18  0 6.3 b 5.1 a 
             
1996 Dry Continuous flooding 10 a 10 5  0 7.1 a 4.6 a 
    Preharvest Drainage 10 b 10 9  0 6.6 a 4.0 a 
    Dual Drainage 8 c 8 9  0 7.1 a 4.2 a 
             
  Wet Continuous flooding 40 a 40 20  6 7.0 a 3.0 a 
    Preharvest Drainage 28 b 28 17  8 7.3 a 3.6 a 
    Dual Drainage 34 b 34 26  10 7.8 a 2.9 a 
    Continuous flooding 14 c 14 7  3 7.1 a 3.5 a 
             
1997 Dry Urea 27 c 27 15  0 9.0 a 5.4 a 
    
Urea + ammonium 
sulfate 9 d 9 6  1 6.5 ab 4.6 ab 
    Urea + rice straw 634 a 634 55  26 4.5 b 3.5 b 
    Urea + green manure 119 b 119 12  17 7.6 a 4.8 a 
             
  Wet Urea 14 c 13 37  3 6.0 a 3.0 a 
    
Urea + ammonium 
sulfate 7 d 7 15  1 6.9 a 3.5 a 
    Urea + rice straw 621 a 602 52  30 5.5 a 3.0 a 
    Urea + green manure 42 b 40 45  7 7.2 a 3.7 a 
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Fig 3.1 Effect of water regime on methane emission (a) and ebullition (b) in 1995 DS. 
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The low levels of soil organic matter and high precipitation in 1996 drastically 
diminished the reductive effect of drainage on methane emissions. The impact 
mechanism of field drying on methane emission maybe derived from the seasonal 
courses of dissolved methane in soil solution (Figure 3.3a, b). Methane concentrations 
were very low in the dry season and were further reduced by midtillering drainage 
(Figure 3.3b). This reduction is due to inflow of oxygen-inhibited methane production 
and oxidized methane dissolved in the soil solution. . In rice fields with high levels of 
methane emission, midseason drainage also released entrapped gaseous methane as 
soil pore spaces started to open. 
 
3.5.2 Effect of residue management 
The incorporation of rice straw extremely affected methane emissions. This can be 
illustrated by the results of 1996 WS when the removal of plant residues resulted in a 
65% reduction of emissions under continuous flooding (Table 3.2). Ebullition rates 
and dissolved methane were high at the early growth stage due to decomposing plant 
stubbles incorporated during land preparation (Figure 3.3c). Removal of plant 
residues from the field resulted in low levels of ebullition rates and dissolved methane 
in the early phase of the growing season (Figure 3.3d). As the plants developed, root 
exudates and decomposing roots provided substrates for methane production which 
resulted in similar level of dissolved methane in plots with and without stubbles 
(Figures 3.3c and d). But, ebullition rates were still higher in plots with incorporated 
residues than those without residue incorporation. This prolonged effect may be 
attributed to pockets of gaseous methane residing in the soil for longer time spans. 
 
3.5.3 Effect of organic and inorganic amendments 
Incorporation of rice straw resulted in an early peak of methane emissions in 1997 
experiment. About 66% of the total seasonal emission from plots treated with these 
amendments was emitted during the vegetative stage of the dry and wet seasons 
(Figure 3.4a, b). However, soil drying at midtillering abruptly stopped this period of 
high emission rates. After reflooding, methane emissions in the rice straw plots were 
higher than in the other plots, but did not return to the high initial values. Green 
manure triggered a lower increment in emissions than rice straw (Table 3.2); its 
impact was virtually offset after the drainage event (Figure 3.4a, b). 
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Figure 3.2. Methane emission as affected by different water regimes in 1996 DS (a) 
and WS(b) 
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The differences between organic and inorganic treatments were also reflected in 
dissolved methane concentrations in soil solution (Table 3.3). The drainage events 
(19-39 DAT) drastically reduced dissolved methane concentrations in all treatments, 
but the ranking among the treatments (rice straw>green manure>urea>ammonium 
sulfate) basically remained throughout the season. Mean values for rice straw 
treatments were 19 times (DS) and 15 times (WS) higher than for urea treatment. The 
corresponding value of the green manure treatment exceeded the urea treatment by 
factors of 3.9 (DS) and 6.6 (WS). Ammonium sulfate, on the other hand, had 
significantly lower values than urea (factors of 0.2 and 0.7 for DS and WS, 
respectively). 
Organic amendments were applied at 14 d before transplanting and resulted in 
high methane release of methane before transplanting (Table 3.2). High emissions in 
the preseason indicate that both rice straw and green manure contain sizable amounts 
of readily decomposable substances which favored methane production. 
Ebullition contributed to more than 50% to the overall emission in the rice straw 
plots which is a higher percentage than in the other treatments (Table 3.2). Due to the 
sturdy structure of straw, soil puddling results in a patchy distribution of straw 
aggregates representing clusters of high organic contents in the bulk soil. A fraction of 
the methane produced in these clusters will force its way through the soil pore spaces 
and floodwater in the form of emerging gas bubbles. However, concentrations of 
methane in the solution of the bulk soil are also enhanced (Table 3.3), so that more 
methane will diffuse to the rhizosphere followed by emission through the 
aerenchyma, However, given a limitation of the methane transport capacity of rice 
plants, such high methane in the soil solution would, in turn, also intensify the 
passage through the water column, namely ebullition. 
 
3.5.4 Effect of genotypes 
Field experiments of the 1995 DS and WS included five different cultivars (Table 
3.1): the modern cultivars IR72 (DS and WS) and PSBRc14 (WS), the new plant type 
IR65597 (DS and WS), the traditional cultivar (DS), and the hybrid Magat (WS). 
There were no significant differences in grain yields among cultivars in the 1995 DS 
(Table 3.2). In the 1995 WS, the hybrid tested in this experiment (Magat) produced 
more grain yield than the other cultivars. 
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Figure 3.3 Concentration of dissolved CH4 and ebullition in plots with different 
irrigation schemes and residue management in 1996 wet and dry seasons: 
continues flooding/ with residues/ dry (a); dual drainage/ with residues/ dry 
season (b); continues flooding/ with residues/ wet season (c); and continues 
flooding/ without residues/ wet season (d) 
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Figure 3.4. Methane emission as affected by inorganic and organic amendments, 1997 
DS (a) and WS (b) 
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For both seasons, IR72 consistently gave the highest seasonal methane emission. 
However, no specific plant trait could be singled out as determinant of the high 
emission potential of this cultivar (Table 3.4). Plants of PSBRc14 have morphological 
features similar to those of IR72. In contrast, rice plants of Dular are very tall and 
have a low number of tillers and low root biomass. Dular plants are characterized by a 
delayed development that appears to limit emissions in the early stage (Table 3.4). 
Plants of Magat are taller and have a higher yield potential than IR72. The IR56697, 
the new plant type (NPT) had similar emission rates with IR72 during most parts of 
both seasons, but maximum values of IR72 exceeded those of the NPT in 1995 DS 
and WS (Figure 3.5). This temporary divergence in emission patterns resulted in 24% 
lower emissions for NPT over both seasons. It should be noted, however, that 
emissions were generally on a very low level during these seasons due to the removal 
of plant residues from the field. The comparison among cultivars may deviate from 
these findings when background levels of methane production and emission are high. 
In 1995 DS, the relative contribution of ebullition was very high in the NPT plots 
(Table 3.2) indicating in turn, a low contribution of the plant mediated transport to 
overall emission. In the succeeding WS, however, the ebullition in the IR65597 plots 
had a similar contribution as IR72. 
The different plant parameters were statistically analyzed for correlation with 
cumulative fluxes recorded in 1995 DS and WS. About 86% in the change of 
cumulative emission (EM cum) was explained by the combined effect of plant height, 
tiller number, root length, root weight and biomass. The effect of root length, root 
weight and biomass were more stable than plant height and tiller number. The 
correlation coefficient was 0.86. The two decisive functions of rice plants in 
regulating methane emissions are 1) gas transfer through the aerenchyma, and 2) root 
exudation (Wassmann & Aulakh, 2000). However, an assessment of cultivar-specific 
emission potentials is compounded by the fact that these two traits show an enormous 
plasticity under field conditions. The aerenchyma formation and root exudation are 
affected by cultivar and soil parameters as nutrient availability, physical impedance 
and redox potential may supersede possible differences between cultivars. Thus this 
result should be taken as initial step to accomplish a thorough understanding of 
methane emissions as affected by different genotypes.  
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 Table 3.3  Mean of CH4 concentrations (µl CH4 ml soil solution-1 ) across the soil 
column(0-20cm) at different days after transplanting  (DAT) in 1997 dry and 
wet seasons; letters indicating P <0.05 significance level (DMRT) for given 
DAT; data following the same letter in the same season of the same year are 
not significantly different at P< 0.05 
 
DAT   Urea   Urea +   Urea +    Urea + 
    ammonium   rice   green  
        sulfate   Straw   manure 
         
    Dry season     
3  0.19 c  0.09 d  4.47 a  1.92 b 
10  0.52 c  0.14 d  14.45 a  3.68 b 
13  0.62 c  0.15 d  14.39 a  3.88 b 
18  0.69 c  0.16 d  13.08 a  3.27 b 
20  0.70 c  0.13 d  11.68 a  3.25 b 
25  0.56 c  0.15 d  7.70 a  2.26 b 
27  0.55 c  0.16 d  5.20 a  1.32 b 
39  0.04 c  0.01 d  2.56 a  0.11 b 
41  0.12 b  0.01 d  3.19 a  0.09 c 
46  0.10 b  0.02 c  4.60 a  0.09 b 
48  0.08 b  0.02 c  4.47 a  0.08 b 
53  0.06 b  0.02 d  3.14 a  0.08 c 
55  0.09 c  0.03 d  5.91 a  0.15 b 
60  0.08 c  0.01 d  3.40 a  0.14 b 
67  0.14 c  0.03 d  2.69 a  0.23 b 
69  0.28 c  0.05 d  4.17 a  0.51 b 
74  0.35 c  0.13 d  3.64 a  0.66 b 
81  0.27 c  0.05 d  2.26 a  0.59 b 
87  0.65 c  0.13 d  3.78 a  1.35 b 
ø  0.32 c  0.05 d  6.04 a  1.25 b 
    Wet Season     
6  0.87 c  0.71 c  19.28 a  12.84 b 
12  0.73 c  1.08 d  10.69 a  5.43 b 
19  0.93 c  0.53 d  12.41 a  3.77 b 
27  0.51 c  0.08 c  1.19 a  0.76 b 
34  0.03 b  0.00 d  0.11 a  0.02 b 
42  0.03 c  0.01 d  1.41 a  0.07 b 
51  0.06 c  0.01 d  1.88 a  0.14 b 
55  0.07 c  0.01 d  1.82 a  0.21 b 
63  0.07 c  0.01 d  1.82 a  0.21 b 
70  0.40 c  0.14 d  4.11 a  1.13 b 
ø   0.37 c   0.26 d   5.47 a   2.46 b 
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3.6 Conclusion 
Dual drainange at midtillering and before harvest and drainage before harvest did 
not affect grain yield but reduced methane emission significantly compared to 
continuous flooding. The incorporation of rice straw increased dramatically the 
emission rate during the vegetative phase; however, midtillering drainange abruptly 
stopped the high emission rate. Furthermore, the addition of inorganic amendments 
significantly increased emissions especially with rice straw. Plots applied with 
ammonium sulfate produced lower methane emission than urea. 
Emission rate was significantly higher in IR72 compared with the other cultivars, 
but the emission rates were all very low because of the removal of rice stubbles. Of 
the different plant parameters measured to explain cultivar differences with regards to 
emisions, root length, root weight and biomass were found to be more stable than 
plant height and tiller number. 
Characterizing the methane emissions in a given rice fields is important to 
determine its contribution to global warming, however automated system is very 
expensive and alternative parameters like ebullition and dissolved methane could be 
considered. The pattern of ebullition and dissolved methane followed that of emission 
and thus can be good indicators for emission rates. Ebullition rates and dissolve 
methane concentrations are easy to record- as compared with emission data over 
sufficient time spans- and maybe used for screening of methane emission potentials in 
a large number of rice fields. 
 
Table 3.4. Means of plant parameters, cumulative CH4 emission (from transplanting to day of measurement), and contribution of cumulative 
ebullition (relataed to cumulative emission) at different days after transplanting. (DAT) in 1995 DS and WS; data following the same 
letter in the same season of the same year are not significantly different at P< 0.05 (not tested for cumulative emission and ebullition). 
 
DAT Cultivar Plant height Tillers Root length Root weight Aboveground Cumulative Contribution of 
  (cm) (no m-2) (cm) (g m-2) biomass emission ebullition 
            (g m-2) (g m-2) (%) 
    Dry season     
29 IR72 52 .0 b 300  a 15.5 b 8.0 b 50.5 a 267 8 
 IR65597 57.2  a 275 a 19.0 a 14.8 a 56.3a 203 37 
 Dular 52.8  b 175 b 18.2 ab 3.5 b 21.3b 136 28 
57 IR72 65.6 b 425 a 20.6 227.3 a 487 423 8 
 IR65597 72.8 b 300 b 19.6 159.3 ab 375.5 359 27 
 Dular 121.3 a 300 b 20.2 104.8 b 444.8 263 20 
71 IR72 78.2 b 350 Nd Nd Nd 575 7 
 IR65597 84.6 b 300 Nd Nd Nd 495 23 
 Dular 140.5 a 325 Nd Nd Nd 416 15 
28 IR72 58.3 368.8 a 18.8 a 329.9 a 137.1 a 135 8 
    Wet season     
 IR65597 64.9 241.7 b 17.0 b 206.0 b 101.6 b 111 9 
 PSBRc14 63.5 356.2 a 17.5 a 297.7 a 139.1 a 146 12 
 Magat 64.1 412.5 a 17.7 a 294.1 a 140.1 a 150 8 
56 IR72 93.4 425 16.7 209.5 b 744.5 ab 272 13 
 IR65597 99.8 300 17.9 252.7 ab 619.5 b 255 11 
 PSBRc14 93.1 400 14.6 338.2 a 827.2 a 270 11 
 Magat 103.8 425 15.8 307.5 a 879.2 a 292 11 
84 IR72 103.3 c 400 14.8 12.5 1248.2 456 16 
 IR65597 117.7 ab 275 16 108.7 1153.7 386 15 
 PSBRc14 109.6 bd 400 13.5 145.7 1150.2 409 15 
  Magat 118.9 a 425 14.9 118.5 1364.2 416 15 
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Figure 3.5. Methane emission as affected by different cultivars (IR72 and IR65597), 
1995 DS(a) and WS(b). 
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CHAPTER 4 
CROP PRODUCTIVITY OF CONTRASTING RICE GENOTYPES GROWN 
UNDER WATER-SAVING CONDITIONS  
 
4.1 Summary 
Alternate wetting and drying (AWD) irrigation in lowland rice has been 
successfully implemented in farmers’ fields to reduce water input, and thereby 
increasing water productivity. Reported effects on grain yield were, however, 
contradictory: yield was reduced, maintained, or even increased when compared with 
continuously flooded (CF) conditions. This study was conducted in heavy clay soil to 
investigate yield variation among a range of genotypes grown under AWD and to 
determine some aboveground traits related to crop adaptation. The effect of AWD on 
grain yield, with a critical threshold of soil water potential for irrigation fixed at -30 
kPa, varied among the ten genotypes evaluated. Two adapted genotypes were 
identified with similar grain yield under CF and AWD in both experimental seasons. 
The grain yield of the aerobic cultivar included in the study was also maintained 
under AWD, however, its yield was comparatively low. The reduction in grain yield 
of the sensitive genotypes ranged from 9 to 13% in the 2006 dry season and from 6 to 
17% in the 2008 dry season. None of the yield components could explain by itself the 
variability in genotype response: in adapted genotypes, grain yield was maintained 
because of compensation from or maintenance of yield components, whereas, in 
sensitive genotypes, grain yield reduction was not due to the decrease of one single 
component. Improved sink regulation appeared as a main driver for adaptation to 
AWD: adapted genotypes were characterized by larger sink size at flowering, less 
vigorous stems and less unfilled grain number at maturity, suggesting an increase in 
the efficiency of carbohydrates allocation to the filled grain. The aboveground traits 
identified here will be of great help to further increase water productivity under the 
AWD strategies set up previously by IRRI water scientists. 
 
4.2. Introduction 
Rice is the greatest water user among crops, consuming about 80% of the total 
irrigated fresh water resources in Asia (Bouman and Tuong, 2001; Bouman et al., 
2007). However, water is becoming more scarce and its availability for agriculture is 
decreasing because of high competition among different users (Bouman and Tuong, 
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2001; Tabbal et al.,2002). The occurrence of water scarcity prompted researchers to 
find ways to improve water-saving systems and optimize strategies on water saving in 
rice in irrigated fields where high yield is critical to ensure food security. Several 
water-saving practices have been identified already. One is the aerobic rice system 
(Bouman et al., 2005), where rice is grown like any other upland crop, resulting in 
substantial water savings but with a significant penalty on grain yield, especially with 
the use of high-yielding irrigated varieties (Peng et al. 2006). Another important 
water-saving technique is alternate wetting and drying (AWD), also called alternate 
submergence/non-submergence, or intermittent irrigation. AWD irrigation aims to 
reduce water input and increase water productivity while maintaining grain yield 
(Bouman and Tuong, 2001; Tabbal et al., 2002). Water saving had been successfully 
achieved under the AWD technique, but contradictory results on grain yield have 
been reported: grain yield was either reduced, maintained, or even increased when 
compared with continuously flooded (CF) conditions (Bouman and Tuong, 2001; 
Tabbal et al., 2002; Li 2001; Zhang et al., 2009, Belder et al., 2004; Yang et al., 
2007). The inconsistencies could be attributed to several factors: (i) soil type, which 
ranges from light clay to sandy loam (Lu et al. 2000; Belder et al. 2004; Zhang et al. 
2009); (ii) strength of soil drying from 0 kPa to -30 kPa and schedule of drying 
periods (Lu et al. 2000; Yang et al., 2007; Zhang et al., 2008; Zhang et al., 2009); and 
(iii) genotype characteristics: the previous authors used a large diversity of genotypes, 
including existing high-yielding varieties of japonica or indica and either hybrids or 
inbreds.  
No research on plant types adapted to AWD has been conducted so far and no 
breeding program has yet been established, although there was already extensive 
research on AWD irrigation techniques. Breeding for varieties adapted to drought 
and, now, to aerobic rice systems is of greater priority in germplasm improvement. 
Nevertheless, in 2003 and 2004, the response of about 40 genotypes to AWD 
management was evaluated in a breeder’s field in the IRRI farm (Virk et al. 2004). 
This study highlighted some genotypes with the tendency of maintaining grain yield 
under AWD, however, this result has not been confirmed yet. Although breeding has 
not been conducted yet for AWD conditions, farmers are already growing popular 
high-yielding lowland varieties under AWD conditions and they consistently get 
increases in water productivity (Belder et al. 2004; Yang et al., 2007; Zhang et al., 
2008; Zhang et al., 2009). It is expected that the increase in water productivity could 
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be even higher if a breeding program to develop varieties for AWD conditions would 
be established. Indeed, the high-yielding varieties grown by these farmers have been 
selected under CF conditions, and nothing is known about their response to 
continuous changes in available soil water content during the course of AWD: earlier 
studies showed variability in responses of different cultivars when subjected to water 
stress at different growth stages (De Datta, 1973; Bouman and Tuong, 2001). These 
contrasting responses of the different genotypes could be one important explanation 
for the grain yield inconsistencies reported in previous studies. Thus, selecting 
genotypes that are suitable to AWD appears to be a promising approach: further 
increases in water productivity are expected with the cultivation of improved 
genotypes from rice breeding.  
 
4.3. Objectives 
This study was considered as a preliminary step in identifying genotypes that could be 
used as donors for a breeding program. 
1. To identify high-yielding rice genotypes with similar grain yield under CF and 
AWD, and 
2. To determine the traits these genotypes have which enable them to maintain crop 
growth under AWD.  
 
4.4. Materials and Methods 
4.4.1 Site description, experimental design, and crop establishment 
Field experiments were conducted in the 2006 and 2008 dry seasons (DS) at the 
lowland research farm of the International Rice Research Institute (IRRI), Los Baños, 
Laguna, Philippines (14° 11′ N, 121° 15′ E, 21 m elevation). Soil was classified as 
Andaqueptic Haplaquolls with particle size distribution of 60% clay, 31% silt, and 9% 
sand. The topsoil contained 18.6 g organic C kg-1 and 1.9 g total N kg-1, with pH 
(CaCl2) of 6.5. 
In 2006 DS, the experiment was laid out in a two-factorial randomized complete 
block design (RCBD) with four replications. The first factor was three water levels: 
CF, AWD at -30 kPa soil water potential (AWD30, irrigation was done whenever soil 
water potential reached -30 kPa at 15 cm soil depth), and AWD at -60 kPa soil water 
potential (AWD60, irrigation was done whenever soil water potential reached -60 kPa 
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at 15 cm soil depth). The second factor was five different genotypes: IR64 (I2), a 
popular released inbred classified as sensitive genotype by IRRI breeders; PSBRc80 
(I4), a released inbred with high performance over a large range of water-saving 
conditions; IR78386H (H5), hybrid rice with high performance over a large range of 
water-saving conditions; and IR77266H (H10), hybrid rice with short crop duration, 
classified as sensitive; and IR74963-262-5-1-3-3 (I15), a long-duration inbred 
classified as tolerant. In 2008 DS, the experiment was also conducted using a two-
factorial RCBD with three replications, but with only two water levels (CF and 
AWD30) and nine genotypes (IR64 [I2]; PSBRc80 [I4]; IR77958-7-4-3 [I9], inbred 
line with vigorous stem; IR74963-262-5-1-3-3 [I15]; IR74371-54-1-1 (I23), a newly 
bred aerobic rice; RLL18(I24), an IR64 near-isogenic line assumed to perform well 
under CF and AWD and with high sink strength index; RLL38 [I25], an IR64 near-
isogenic line assumed to perform well under CF and AWD with low sink strength 
index; IR78386H [H5]; and IR82386H [H14], a high-yielding hybrid.  
Before land preparation, a polyethylene sheet was installed at a depth of 0.5 m 
around each side of the 60-m2 plot. This depth was well below the top of the hard pan, 
which was about 20 cm deep in the experimental field. This was done to prevent 
lateral movement of water between plots during the experimental season. Then, the 
usual land preparation was carried out by wet tillage, followed by harrowing and 
leveling. 
For seedling preparation, seeds were soaked in water for 24 h and incubated at 
room temperature for another 24 h. The pre-germinated seeds were sown in seedling 
trays at a density of 3,000 seeds m-2. Then, 10-day-old seedlings in 2006 DS and 12-
day-old (three-leaf stage, including the immature pre-leaf) seedlings in 2008 DS were 
manually transplanted in the field at a hill spacing of 20 x 20 cm, with one seedling 
per hill, in a plot size of 60 m2.  
 
4.4.2 AWD irrigation cycles 
After transplanting, when the soil was on a saturated moisture condition, 
tensiometers were installed in the AWD plots at a depth of 15 cm below the soil 
surface. The first irrigation was done 3 days after transplanting and the AWD plots 
were kept flooded for the first 2 weeks for the seedlings to recover and to establish. 
Then, after 2 weeks, irrigation water was applied, depending on the AWD treatment; 
whenever one of the replicates reached -30 kPa or -60 kPa soil moisture potential, 
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irrigation water was applied until 3 cm depth above soil surface. The soil water 
potential dynamics during the AWD cycles and the irrigation events of the AWD 
plots in 2006 DS and 2008DS are presented in Figures 4.1 and 4.2, respectively. In 
2006 DS, the AWD cycle for AWD30 started from 21 DAS until 54 DAS for the first 
cycle and ended at 65 DAS for the 2nd cycle, whereas that for AWD60 also started 
from 21 DAS and ended at 58 DAS as indicated by the soil water potential dynamics 
(Fig. 4.1). In 2008 DS, the AWD30 cycle likewise started at 2 weeks after 
transplanting and cycles were from 28 to 34 DAS, 36 to 61 DAS, and 61 DAS until a 
week before flowering (Fig. 4.2). The plots were fully flooded a week before and after 
flowering. 
 
4.4.3 Measurements 
Daily weather data were collected from the IRRI lowland agro-meteorological station 
within a 500-m radius from the experimental field. Solar radiation was measured by a 
Gunn-Bellani radiation-integrator (Baird & Tatlock, London, UK). Daily minimum 
and maximum temperatures were measured by a standard ventilated psychrometer 
(no. 706, Wilh, Lambrecht KG, 34 Gottingen, Germany). Daily rainfall was measured 
using a rain gauge that was installed at the centre of the experimental plots. The 
amount of rainfall was added to the amount of irrigation water applied to determine 
water input daily water use and water productivity. Irrigation water was measured 
using a flow meter installed in between the water source and irrigation pipes. Water 
input (WI, m3) is the sum of the applied irrigation water and rainfall for the whole 
crop growth. Water productivity (WP, kg grain m-3) was calculated by dividing grain 
yield with total water input (rainfall and irrigation). Daily monitoring of the 
tensiometers was done to monitor soil water potential and guide the irrigation 
schedule. 
 
4.4.4 Crop management 
Phosphorus (50 kg P ha-1 as single superphosphate), potassium (50 kg K ha-1 as 
muriate of potash), and zinc (5 kg Zn ha-1 as zinc sulfate heptahydrate) were applied 
and incorporated in all the plots a day before transplanting during both seasons. 
Nitrogen was applied (as urea) to ensure optimal N inputs during the crop cycle. Once 
a week, leaf N content was estimated with SPAD (chlorophyll meter SPAD-502, 
Minolta Co. Ltd.,Japan) and timing of N applications was adjusted accordingly based 
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on SPAD values (not lower than 35, Peng et al., 1996).  As a result, both in the 2006 
DS and 2008 DS, a total of 150 kg N ha-1 was applied in four splits (40 kg N ha-1 as 
basal, 30 kg at mid-tillering, 40 kg at maximum tillering, and 40 kg 10 days after 
panicle initiation), in all plots. Optimum weed management (weeds were controlled 
by applying Soft-it (pretilachlor) 2 days after transplanting and subsequent weeding 
was done manually when required. Pests were controlled to avoid any penalty on 
grain yield.  
 
4.4.5 Characterization of crop stage and non-destructive observations  
Panicle initiation (PI) was determined by dissecting and observing the main tillers 
of randomly collected plants from each plot under a binocular microscope (Leica MZ 
95, Leica Microsystems Ltd., Heerburgg, Switzerland) every second day when PI was 
close. Panicle initiation was considered to have occurred when the first row of floral 
primordia was visible on the shoot apex. Flowering (Fl) was determined from each 
plot when an average of 50% spikelets per panicle of the main tiller of 5 out of 10 
plants had exerted their anthers. Maturity (Mat) was determined when 95% of the 
spikelets of the whole plot had turned from green to yellow. The production of fully 
expanded blades on the main tiller was recorded from five tagged plants in each plot 
until flowering by noting leaf collar appearance until the flag leaf. A leaf was 
considered fully expanded once its collar was visible above the enclosing sheath of 
the previous leaf. When a leaf was partially developed, the ratio of the length of the 
developing leaf to that of the preceding leaf was estimated. The youngest leaves were 
tagged on the day of observation with rings of different colours with respect to their 
position to avoid errors at late stages due to leaf senescence and abundant foliar 
development. 
 
4.4.6 Destructive morphological measurements 
At transplanting, seedlings were sampled as 4 sets of 12 from seedling trays for all 
the genotypes. Seedlings were randomly pulled and placed in labelled plastic bags. 
For each subsequent sampling in the field, plants were sampled from 0.32 m2 that 
corresponded to 8 hills in both 2006 and 2008 DS. From each sampling, total green 
and dead tillers were counted systematically. One single leaf emerging from the 
sheath of a mature mother leaf was already considered a tiller. Plant samples were  
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Fig. 4.1. Soil water potential and irrigation events under alternate wetting and drying irrigation regimes of plots planted to five 
genotypes: a) IR77266H (H10), b) IR78386H (H5), c) IR74963-262-5-1-3-3 (I15), d) PSBRc80 (I4), and e) IR64 (I2) in 2006 
dry season. AWD30 indicates alternate wetting and drying at -30 kPa soil water potential and irrigation was done whenever the 
soil water potential reached -30 kPa at 15 cm soil depth; AWD60 indicates alternate wetting and drying at -60 kPa soil water 
potential and irrigation was done whenever the soil water potential reached -60 kPa at 15 cm soil depth.  
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Fig. 4.2. Soil water potential and irrigation events under alternate wetting and drying irrigation of plots planted to different genotypes: 
H5, I4, I23 (a), H14, I2, I25 (b), and I9, I15 I24 (c) in 2008 dry season. Alternate wetting and drying at -30 kPa soil water 
potential and irrigation was done whenever the soil water potential reached -30 kPa at 15 cm soil depth.  
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separated into green leaf blades, dead leaf blades, leaf sheaths, culms (internodes and 
nodes), and panicles (including juvenile ones when present). At flowering, stem length in 
2006 DS and culm length in 2008 DS of each tiller of four sub-sampled hills was 
measured from the top root to the highest collar of the plant before the plants were 
separated into leaf blades, leaf sheaths, culms, and panicles.The area of the green blades 
of all sampled plants was measured with a leaf area meter (MK2, Delta-T Devices Ltd., 
Cambridge, UK). For all sampling dates, dry matter of each entity was determined by 
weighing the material after drying for 72 h in an oven at 70 °C. Leaf area index (LAI) 
was calculated as leaf area of the sampled plants divided by the corresponding ground 
sampling area. At maturity, plants were randomly sampled in two locations of 0.32 m2 in 
each plot and total tiller number and number of productive, unproductive, and dead tillers 
were determined. Individual grain weights of all the grains from all the panicles of two 
sub-sampled hills were done. Stem length of each tiller of four sub-sampled hills was 
measured from the top root to the highest collar of the plant before the plants were 
separated into different organs (blade, sheath, culm and panicle). Stem dry matter was 
calculated as the sum of leaf sheath and culm dry matter. Specific stem length (SSL) was 
computed as the ratio of stem length to its corresponding stem dry matter. Grains were 
separated from the rachis, and filled and unfilled grains were separated at a flow rate of 4 
m3 per second using a Seedburo blower (KL-1205, Seedburo, Chicago, IL, USA). The 
weight of total filled and unfilled grains and 1,000 filled and unfilled grains and, by 
computation, the number of filled and unfilled grains per panicle were determined. 
Harvest index (HI) was computed as filled grain dry matter divided by shoot dry matter. 
Fertility rate was computed as the ratio of filled grain number to total grain number 
(filled + unfilled). Grain yield (GY) was determined by harvesting a 5-m2 sampling area 
(125 hills) in the center of each plot. Grain moisture content of the filled grains was 
measured with a digital moisture tester (DMC-700, Seedburo, Chicago, IL, USA) and 
grain yield was calculated at 14% moisture content. 
 
4.4.7 Data analysis 
Grain yield and yield components were analyzed following analysis of variance (SAS, 
2002-2008) for each of the two growing seasons, and means of genotypes in each water 
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treatment were compared based on the least significant difference test (LSD) at the 5% 
level of significance. In the graphs, standard error was computed for each sampling date. 
 
4.5. Results 
4.5.1 Weather and crop phenology 
The mean daily average temperatures (minimum, maximum, mean) and average vapour 
pressure deficit (VPD) at different crop growth stages were not so different between the 
two seasons (Table 4.1). The average mean daily radiations within each phenological 
stage were slightly higher in 2006 from sowing (S) to PI and from Fl to Mat (Table 4.1). 
The cumulative solar radiation was slightly higher in 2006 DS during the vegetative 
phase but was slightly lower in the reproductive and grain-filling phases compared with 
2008 DS due to shorter phenological duration (Table 4.1). The average potential 
evapotranspiration (PET) was comparable among the different phenological stages in 
both experimental seasons. 
The duration of each phenological phase and overall crop duration of each of the 
genotypes used were similar between CF and AWD plots (Table 4.1). The number of 
days to PI was similar for both CF and AWD plots for each genotype, with values 
ranging from 45 to 52 days in the 2006 DS and from 49 to 52 days in the 2008 DS (Table 
4.1). Days to flowering ranged from 72 to 80 in 2006 DS and from 73 to 85 days in 2008 
DS; flowering of H10 and I23 was as early as 72 and 73 days, respectively, while that of 
I15 was 80 days in 2006 and 85 days in 2008 DS. Total leaf number was also not 
significantly modified by the AWD treatments, except in one genotype (I9) in 2008 DS, 
where leaf number was higher (15.9) in CF than in AWD (15.1) (Fig. 4.3 a & b). The 
total leaf number for the other genotypes was basically similar between CF and AWD: 
for example, the final leaf numbers of I2 were 14.8 and 14.6, while those of I4 were 14.6 
and 14.4 in CF and AWD, respectively, in 2006 DS (Fig. 4.3 a & b). The number of days 
to maturity ranged from 98 to 108 days in 2006 and from 103 to 112 days in 2008, 
depending on the genotype, and was consistently similar between CF and AWD within 
each genotype (Table 4.1). 
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 Table 4.1. Average daily minimum, maximum, and mean temperature; vapor pressure 
deficit (VPD); solar radiation; cumulative solar radiation; and potential 
evapotranspiration (PET) from sowing to panicle initiation (S-PI), panicle initiation to 
flowering (PI-Fl), and flowering to maturity (Fl-Mat) of IR64 (I2) during the 2006 and 
2008 dry seasons.  
 
No. of 
days 
Av 
Tmin 
Av 
Tmax 
Av 
Tmean 
Av 
VPD 
Av daily 
radiation
Cumulative 
solar 
radiation 
Av 
PET 
Year/season 
  (°C) (°C) (°C) (kPa) (MJ m-2) (MJ m-2) (mm) 
2006 DS         
S-PI 51 23.2 28.9 26.1 0.98 14 714 4.02 
PI-Fl 24 23.2 30.2 26.7 1.20 18 432 5.08 
Fl-Mat 26 23.9 32.1 28.0 1.54 19.9 517 5.84 
2008 DS         
S-PI 53 23.1 28.1 25.6 0.92 12 636 3.60 
PI-Fl 26 23.3 30.4 26.8 1.35 18.5 481 5.34 
Fl-Mat 31 24.4 32.1 28.3 1.54 17.9 555 5.50 
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Fig. 4.3. Total leaf number of the different genotypes (a and b), maximum tiller number 
per m2 (c and d), culm dry weight (CuDW) per plant (e and f), specific stem 
length (SSL) (g), and specific culm length (SCL) (h) in 2006 (a, c, e, g) and 2008 
(b, d, f, h) dry seasons. Vertical lines represent the standard error of the mean. 
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4.5.2 Grain yield (GY), water input (WI), and water productivity (WP) 
The effects of AWD irrigation on grain yield of the different genotypes varied. In 
2006 DS, grain yield of I4 (considered as an adapted inbred) was similar under CF (9.01 t 
ha-1) and AWD30 (8.84 t ha-1), but it was significantly lower under AWD60 (8.46 t ha-1) 
(Table 4.2). The same trend was observed with H5 (hybrid considered as adapted), where 
GY was 8.59 and 8.21 t ha-1 in CF and AWD30, respectively, but was significantly lower 
in AWD60 with 7.90 t ha-1. Interestingly, the grain yield of I15 was statistically similar 
among CF, AWD30, and AWD60 (Table 4.2). The grain yield of I2 (IR64 considered as 
a sensitive inbred) was significantly lower under AWD30 and AWD60 than under CF, 
while that of H10 (a short duration hybrid) was significantly reduced with AWD 
irrigation, with GY under AWD60 even significantly lower than that under AWD30 
(Table 4.2). In 2008 DS, GY was only maintained in three (I4, I15, I23) out of nine 
genotypes under AWD (Table 4.2). The grain yield of I4 was 7.74 and 7.95 t ha-1 under 
CF and AWD30, respectively, while that of I15 was 6.91 and 6.50 t ha-1, and that of I23 
(aerobic genotype) was 6.78 and 6.48 t ha-1. The grain yield of the sensitive genotypes 
decreased from 6% (for H5) to as high as 15% (for I25) under AWD30 (Table 4.2). It 
appeared that the genotypes with longer crop duration were part of those that maintained 
their GY under AWD30. 
In 2006 DS, the amount of WI for the whole crop growth was significantly higher 
under CF, with values ranging from 43.93 to 54.81 m3, compared with AWD treatments 
(27.50 to 33.98 m3 for AWD30 and 32.68 to 34.31 m3 for AWD60) (Table 4.2). Water 
input was reduced by 33−41% in AWD30 and by 26−37% in AWD60, depending on the 
genotype. Water input was not significantly different between AWD30 and AWD60 
within each genotype (Table 4.2). In relation to WI, WP increased significantly in the 
AWD treatments in all the five genotypes by 46−50% in AWD30 and by 18−46 % in 
AWD60. Water productivity of the different genotypes under CF ranged from 1.02 to 
1.09 kg grain m-3 water, whereas that under AWD30 and AWD60 ranged from 1.29 to 
1.59 kg grain m-3 water (Table 4.2). In 2008 DS, WI for CF ranged from 45.51 to 50.34 
m3, while that for AWD ranged from 37.59 to 42.39 m3: this corresponded to a significant 
reduction of 13−20% under AWD, depending on the genotype (Table 2). In contrast, WP 
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Table 4.2. Phenological information at panicle initiation (PI), flowering (Fl) and maturity 
(Mat), total water input (WI), and water productivity (WP) of the contrasting genotypes 
grown under different water treatments in the 2006 and 2008 DS at the IRRI 
experimental farm. The Fl values refer to the day when the panicles of the main tillers of 
10 tagged plants had all reached at least 50% flowering, and the Mat values refer to the 
day when all the panicles of the same tagged plants had reached 90% maturity. 
 
Year Genotype Water 
treatment 
Days to 
PI 
Days to 
FL 
Days to 
Mat 
GY  
(t ha-1) 
WI total 
(m3)  
WP  
(kg m-3) 
2006 DS H5 CF 48 74 103 8.59 a 54.81 a 1.02 b 
  AWD30 48 74 103 8.21 a 32.43 b 1.53 a 
  AWD60 48 74 103 7.90 b 34.31 b 1.40 a 
 H10 CF 45 72 98 8.40 a 47.88 a 1.05 b 
  AWD30 45 72 98 7.78 b 32.12 b 1.52 a 
  AWD60 45 72 98 7.28 c 33.58 b 1.33 a 
 I2 CF 50 74 100 7.62 a 43.93 a 1.09 b 
  AWD30 50 74 100 7.18 b 27.50 b 1.59 a 
  AWD60 50 74 100 6.93 b 32.68 b 1.29 a 
 I4 CF 52 79 108 9.01 a 51.89 a 1.07 b 
  AWD30 52 79 108 8.84 a 33.98 b 1.58 a 
  AWD60 52 79 108 8.46 b 33.12 b 1.56 a 
 I15 CF 49 80 108 8.70 a 50.46 a 1.07 b 
  AWD30 49 80 108 8.60 a 33.45 b 1.58 a 
  AWD60 49 80 108 8.31 a 34.02 b 1.50 a 
2008 DS H5 CF 51 76 110 8.27 a 47.10 a 1.06 a 
  AWD30 51 76 110 7.70 b 36.75 b 1.27 a 
 H14 CF 51 77 110 8.67 a 49.60 a 1.05 a 
  AWD30 51 77 110 8.17 b 40.76 b 1.20 a 
 I2 CF 52 78 109 6.73 a 48.67 a 0.83 a 
  AWD30 52 78 109 5.60 b 37.30 b 0.90 a 
 I4 CF 51 80 112 7.74 a 47.77 a 0.97 b 
  AWD30 51 80 112 7.95 a 39.33 b 1.22 a 
 I9 CF 49 80 109 6.96 a 46.77 a 0.89 b 
  AWD30 49 80 109 6.44 b 38.29 b 1.01 a 
 I15 CF 52 85 112 6.91 a 50.34 a 0.83 a 
  AWD30 52 85 112 6.50 a 40.64 b 0.96 a 
 I23 CF 49 73 103 6.78 a 45.51 a 0.90 b 
  AWD30 49 73 103 6.48 a 36.99 b 1.05 a 
 I24 CF 51 78 108 7.93 a 46.97 a 1.01 a 
  AWD30 51 78 108 7.17 b 39.08 b 1.11 a 
 I25 CF 51 77 108 6.92 a 46.81 a 0.89 a 
    AWD30 51 77 108 5.85 b 35.83 b 0.99 a 
Within a column for each genotype, means of water treatment followed by the same letter 
are not significantly different at the 5% level using LSD. 
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was significantly higher under AWD in I4, I9, and I23, by 26%, 13%, and 17%, 
respectively, and was appreciably higher (but not significantly) than that of the other 
genotypes (Table 4.2). 
 
4.5.3 Yield components 
Total shoot biomass and HI at physiological maturity were not affected by AWD 
treatments for I4 and I15 in both 2006 DS and 2008 DS (Tables 4.3 & 4.4). Both biomass 
and HI at physiological maturity were maintained under AWD in 2006 DS for H5, but 
they were significantly reduced in 2008 DS (Tables 4.3 & 4.4). However, in H10, shoot 
biomass at physiological maturity was similar between CF and AWD30 but significantly 
lower under AWD60; and HI was significantly lower in both AWD30 and AWD60 
compared with CF (Table 4.3). In I2, shoot biomass and HI were significantly lower 
under AWD in 2006DS but both were maintained in 2008DS (Tables 4.3 & 4.4). Shoot 
biomass and HI were maintained in the aerobic genotype (I23) and IR64 NILs (I24 & 
I25) during 2008DS. Shoot biomass was also maintained in the high-yielding IRRI 
hybrid (H14) under AWD but HI was significantly lower (Table 4.4). 
There was a strong compensation effect between panicle number and filled grain 
number in the genotypes for which yield was maintained (I4 and I15). The number of 
panicles per m2 increased in the AWD30 for I4 and I15, from 313 in CF to 331 for I4 and 
from 255 in CF to 269 for I15, whereas filled grain number was significantly reduced and 
1,000 filled grain dry weight was maintained in both genotypes during 2006 DS (Table 
4.3). In 2008DS, strong compensation between panicle number and filled grain number 
was only observed in I4, where panicle number was significantly increased from 321 m-2 
to 368 m-2 from CF to AWD30. Filled grain dry weight was significantly reduced while 
1,000 filled grain dry weight was maintained, whereas panicle number, filled grain 
weight, and 1,000 filled grain dry weight for I15 were similar under the water treatments 
(Table 4.4). In I2, panicle number was maintained under AWD in both seasons, but filled 
grain number and 1,000 filled grain weight were only maintained in 2006 DS and 
significantly reduced in 2008 DS (Tables 4.3 & 4.4). In H5, panicle number and 1,000 
filled grain weight were not affected, but filled grain number with AWD was 
significantly reduced in 2006 DS, while all these parameters were unaffected in 2008 DS 
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(Tables 4.3 & 4.4). A significant reduction in filled grain number was observed with the 
hybrids H10 (2006DS) and H14 (2008DS) but their panicle number and 1,000 filled grain 
dry weight were maintained under AWD (Tables 4.3 & 4.4). Panicle number, filled grain 
number, and 1,000 filled grain dry weight were maintained in I23, while in I25, there was 
an appreciable reduction in filled grain dry weight (17%), although this was not 
statistically significant at 5%. Filled grain per panicle and 1,000 filled grain dry weight of 
the other genotypes (I9 and I24) were maintained but their panicle number was 
appreciably reduced by 5% and 8%, respectively (Table 4.4)  
In 2006 DS, total grain number or sink size was not statistically different among the 
water treatments in all five genotypes but there was appreciably a strong tendency for 
H10 and I2 (considered as sensitive to AWD) to have a lower sink size under both 
AWD30 and AWD60 than under CF, with a 7% and 18% reduction expressed in H10 and 
a 12% and 10% reduction expressed in I2. Sink size was maintained with I4 (Table 4.3). 
In 2008 DS, sink size per unit area was appreciably lower in all genotypes, except for I4, 
and was even significantly reduced under AWD by 13% in both I2 and I25 and by 9% in 
I9 (Table 4.4). Fertility rate was significantly reduced under AWD30 for I2, I4, and H10 
but not for H5 and I15 in 2006 DS, whereas no significant difference was observed 
between AWD30 and CF in 2008 DS in all the genotypes (Tables 4.3 & 4.4). 
Tiller production was affected by AWD irrigation in all genotypes, even if there was 
no modification in phenological development (Figs. 4.3a&b, Table 4.2). The maximum 
tiller number was higher in AWD30 in both 2006 DS and 2008 DS (Fig. 4.3c): this value 
was extracted from weekly samplings and so corresponded to the real maximum tiller 
number per plant that was produced in the field. The production of more tillers in AWD 
was associated with a delay in the allocation of biomass to the culm which was observed 
in all genotypes, except for I4 in 2006DS and except for I9, I15, I 23, and I25 in 2008DS 
(Figs. 4.3 e & f ). As an example, culm dry weight of H5 and I2 was 1.49 g plant-1 and 
1.07 g plant-1 under CF, while these were only 1.14 g plant-1 and 0.82 g plantt-1 under 
AWD 30, respectively, in 2006 DS (Fig. 4.3e). The genotypes that maintained yield had 
the tendency to reduce the delay in culm growth under AWD. During flowering, SSL and 
SCL were consistently higher in I4 and H5, whereas those in I2 were not consistent for 
both seasons (Figs. 4.3 g & h). At maturity, there was a significant increase under AWD 
 55
 
 56
 
in both SSL in 2006 DS and SCL in 2008 DS with I4 and a strong tendency with H5, 
while no difference was noted in the other genotypes (Tables 4.3 & 4.4). 
The dry weight of the unfilled grains was statistically similar between AWD and CF 
in all the genotypes in both seasons, but the weight of the unfilled grain in I2 had the 
tendency to be increased by 7.5% under AWD compared to that under CF in 2008 DS 
(Table 4.4). The pattern of grain weight distribution (filled and unfilled grains) varied 
between the two highly contrasted genotypes I4 and I2 (Fig 4.4). Grains weighing 22 to 
29 mg increased significantly, whereas those weighing 2 to 4 mg were significantly 
reduced under AWD in I4; this was not the case in I2, where the individual grain weights 
were similar between CF and AWD (Fig. 4.4). 
 
4.6. Discussion 
The AWD irrigation technique has been developed and implemented primarily to save 
water and increase water productivity (WP) (Bouman and Tuong, 2001; Tabbal et al., 
2002). No proper evaluation of high-yielding genotypes adapted to AWD and its 
diversity, however, has been conducted so far. The present study confirmed first that the 
AWD practice in irrigated rice fields with a threshold of -30 kPa is an effective water-
saving technology, and that the amount of water input (WI) was significantly reduced, 
and that WP was significantly increased for all genotypes evaluated here, as had been 
reported in other studies (Lu et al, 2000; Bouman and Tuong, 2001; Belder et al., 2004; 
Zhang et al., 2009; Zhang et al., 2008). In this study, in order to minimize confounding 
effects and establish a proper system for an effective comparison among genotypes, great 
care was taken to ensure that experimental site, climatic and soil conditions, and crop 
management, were similar, and that plants were grown during two distinct seasons in 
large plots surrounded with plastic sheets. A severe AWD (-60 kPa) was evaluated in our 
first season, but this was not considered in the second season because it adversely 
affected crop growth and yield, did not increase water savings, and reduced WP. Indeed, 
WI was reduced by 33−41% in -30 kPa and by 26−37% in -60 kPa, depending on  
 
 
Table 4.3. Harvest index (HI), biomass production at physiological maturity (PM), panicle number (PaNB), filled grain number 
(FiGrNB), weight of 1,000 filled (FiGr), total grain number (ToGrNB), fertility rate (Fert), specific stem length (SSL), and 
unfilled grains (UnFiGr) in the 2006 dry season. Each value is the mean of four replications. 
 
Genotype Water 
treatment 
HI Biomass 
at PM  
(g m-2) 
PaNB  
(m2) 
FiGrNB 
(pan-1) 
1000-FiGr 
wt  
(g) 
ToGrNB 
(m-2) 
Fert Rate 
(%) 
SSL 
(cm g-1) 
1000-
UnFiGr 
wt (g) 
IR78386H (H5) CF 0.55 a 1628 a 314 a 102 a 26.00 a 39822 a 85.56 a 57.2 4.87 a 
 AWD30 0.54 a 1659 a 319 a 99 ab 25.13 a 41494 a 85.27 a 63.3 4.99 a 
 AWD60 0.53 a 1542 a 316 a 96 b 25.37 a 39308 a 82.06 b 60.9 4.95 a 
IR77266H (H10) CF 0.56 a 1547 a 356 a 97 a 23.64 a 43795 a 83.21 a 65.6 5.14 a 
 AWD30 0.53 b 1432 a 358 a 90 b 23.56 a 40921 a 78.46 b 62.9 4.91 a 
 AWD60 0.53 b 1368 b 340 b 88 b 23.60 a 35874 a 85.59 a 59.3 5.08 a 
IR64 (I2) CF 0.50 a 1523 a 360 a 74 a 26.93 a 32130 a 88.28 a 56.4 5.53 a 
 AWD30 0.46 b 1351 b 369 a 72 a 26.38 a 28389 a 83.74 b 57.6 5.43 a 
 AWD60 0.49 a 1309 b 369 a 70 a 25.89 b 28951 a 85.48 ab 59.2 5.58 a 
PSBRC80 (I4) CF 0.54 a 1616 a 313 b 107 a 25.98 a 38972 a 86.91 a 46.6 4.99 a 
 AWD30 0.52 a 1555 a 331 a 101 b 25.57 a 38642 a 82.72 b 54.3 4.74 a 
 AWD60 0.53 a 1542 a 320 b 98 b 26.21 a 37151 a 83.84 ab 48.4 4.92 a 
IR74963-262-5-1-3-3 CF 0.51 a 1695 a 255 b 120 a 27.62 a 34926 a 89.14 a 45.5 5.33 ab 
(I15) AWD30 0.49 a 1649 a 269 a 109 b 28.46 a 33002 a 86.28 a 44.2 5.03 b 
  AWD60 0.49 a 1670 a 266 a 110 b 27.77 a 32498 a 86.59 a 43.9 5.64 a 
Within a column for each genotype, means of water treatment followed by the same letter are not significantly different at the 5% 
level using LSD. 
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Table 4.4. Harvest index (HI), biomass production at physiological maturity (PM), panicle number (PaNB), filled grain number 
(FiGrNB), weight of 1,000 filled (FiGr), total grain number (ToGrNB), fertility rate (Fert), specific culm length (SCL), and unfilled 
grains (UnFiGr) in the 2008 dry season. Each value is the mean of three replications. 
 
Genotype Water 
treatment 
HI Biomass at 
PM  
(g m-2) 
PaNB  
(m2) 
FiGrNB  
(pan-1) 
1000-FiGr wt 
(g) 
ToGrNB  
(m-2) 
Fert rate  
(%) 
SCL  
(g cm-1) 
1000-UnFiGr 
wt  
(g) 
H5 CF 0.60 a 1941 a 373 a  91 a 24.17 a 43022 a 79.04 a 129 a 3.97 a 
 AWD 30 0.56 b 1650 b 375 a  85 a 23.90 a 40981 a 78.05 a 138 a 4.19 a 
H14 CF 0.59 a 1757 a 336 a 103 a 24.53 a 42980 a 80.81 a 104 a 4.49 a 
 AWD 30 0.56 b 1776 a 360 a  89 b 25.38 a 41047 a 77.69 a 102 a 4.17 a 
I2 CF 0.56 a 1626 a 358 a  73 a 25.15 a 31853 a 82.16 a 146 a 4.75 a 
 AWD 30 0.53 a 1688 a 360 a  64 b 24.10 b 27788 b 82.15 a 140 a 5.10 a 
I4 CF 0.58 a 1664 a 321 b  105 a 22.56 a 42395 a 79.85 a 114 b 4.08 a 
 AWD 30 0.56 a 1523 a 368a  96 b 22.48 a 44756 a 78.46 a 132 a 3.97 a 
I9 CF 0.54 a 1887 a 352 a  75 a 25.75 a 34130 a 77.68 a 134 a 5.58 a 
 AWD 30 0.51 b 1599 a 334 a  74 a 25.45 a 31104 b 79.36 a 118 a 5.37 a 
I15 CF 0.57 a 1827 a 290 a   96 a 24.49 a 33435 a 83.17 a 127 a 4.15 a 
 AWD 30 0.55 a 1675 a 286 a  90 a   24.84 a 30624 a 84.05 a 128 a 4.82 a 
I23 CF 0.56 a 1406 a 218 a 141 a 21.49 a 36295 a 84.45 a 106 a 4.34 a 
 AWD 30 0.56 a 1413 a 215 a  135 a 21.70 a 33970 a 85.55 a 113 a 4.24 a 
I24 CF 0.56 a 1628 a 406 a  72 a 26.62 a 37014 a 79.60a 151 a 5.29 a 
 AWD 30 0.54 a 1606 a 375 a  73 a 25.94 a 34670 a 78.61 a 140 a 4.98 a 
I25 CF 0.54 a 1507 a 342 a  87 a 22.85 a 37065 a 80.04 a 114 a 4.91 a 
  AWD 30 0.52 a 1642 a 347 a  72 b 22.94 a 32299 b 77.43 a 118 a 4.77 a 
Within a column for each genotype, means of water treatment followed by the same letter are not significantly different at the 5% 
level using LSD.  
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genotype, in the 2006 DS. There was no further reduction of WI in -60 kPa, and this could be 
due to the clayey soil characteristics in our experimental site, which led to soil shrinkage and 
cracking, and thereby increased water loss through the soil cracks (Greenland, 1985). This 
confirmed the finding that implementation of AWD should involve moderate soil drying as 
implemented in other studies with soil water potential that ranged from 0 kPa to -30 kPa (Lu 
et al., 2000; Kukal et al., 2005; Zhang et al., 2009), with cases where -30 kPa was even 
considered high (Kukal et al., 2005; Zhang et al., 2009). As a possible maximum limit of soil 
water availability for conducting ‘safe’ AWD, that without significant penalty on grain yield, 
-30 kPa of soil water potential appeared as a solid reference under conditions similar to those 
in the present site. The reduction in WI under AWD was mainly due to reduction in seepage, 
percolation (Cabangon et al. 2004), and evaporation from the stagnant water in rice fields. 
However, seepage and percolation are greatly dependent on soil texture as higher rates were 
observed in lighter soils than in heavy soils (Sharma 1989). Thus, the optimum AWD 
threshold has to be determined depending on site conditions (e.g., soil type) to maximize the 
benefits from AWD. This threshold value in the present study was used to get a wide range of 
genotype responses in our study in 2008 DS. 
Two genotypes (I4, I15) consistently adapted to AWD over the two growing seasons were 
identified with respect to the stability of grain yield. This contrasts with the promising H10 
identified by Virk et al. (2004) and highlights that field practices inherent to breeding 
programs (where only few rows of each entry can be grown) make it difficult to develop a 
relevant screening as far as water management is concerned. The grain yield of the other 
high-yielding genotypes considered in this study was either consistently reduced under AWD, 
like in the case of I2, or reduced in one season and maintained in the other, as for H5. This 
great variability in the response to AWD observed in this study among high-yielding 
genotypes was also observed among distinct cultural practices and distinct genotypes in other 
studies: the increase in WP was either associated with a reduction in grain yield, as irrigated 
rice yield declined when field water content dropped below soil saturation (Bouman and 
Tuong, 2001; Tabbal et al., 2002), or with a maintenance or even an increase in grain yield 
(Li 2001; Kukal et al., 2005, Zhang et al., 2009, Belder et al., 2004; Yang et al., 2007). These 
inconsistencies could be explained by the imposed soil water potential, the hydrology, the 
soil type, and the genotype characteristics. Pantuwan et al. (2002) and Kato et al. (2009) 
stated that breeding for yield potential in temperate conditions is a way to improve WP under 
aerobic rice systems. It is rather advocated in our study that rice breeding in tropical 
conditions should be targeted specifically under water-saving conditions like AWD to raise 
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WP. If one considers that sink strength is a consequence of genetic potential and growing 
conditions and that it drives GY as reported by Lafarge and Bueno (2009), then the ability to 
perform well under AWD would be related to the efficiency in partitioning under these 
conditions. But adaptation to AWD does not prevent one from having a high yield potential 
genotype (like in the case of I4 in our study), whereas adaptation to aerobic rice implies 
having varieties with lower yield potential (Xiaoguang et al., 2005).  
The crop phenology of the different genotypes used in our study was not modified 
significantly with AWD irrigation. In contrast, a variable response was observed among the 
yield components of the genotypes studied, but none of the yield components by themselves 
could explain the variability in genotype responses. Either maintenance or a strong 
compensatory mechanism among the yield components was reported under AWD for the two 
genotypes (I4, I15), for which GY was consistently maintained under -30 kPa during the two 
seasons. As an example, for these two adapted genotypes, a strong compensation was 
observed between number of productive tillers and filled grain number in the case of I4 in 
both 2006 and 2008 DS, and shoot biomass and HI at physiological maturity were not 
affected by AWD. In contrast, either one or more of the following yield components were 
negatively affected in sensitive genotypes under AWD compared with CF: shoot biomass, HI, 
sink size, fertility rate, and grain number per panicle. In the case of the aerobic genotype 
(I23) evaluated during the present study, grain yield and yield components were maintained 
under AWD, however, the yield potential of this variety was limited: its yield under CF was 
comparatively low and aerobic genotypes have been characterized with reduced biomass and 
sink size (Peng et al., 2006). In addition, Bouman and Tuong (2001) reported variability in 
the responses of different varieties when subjected to different water depletion events at 
different crop growth stages: varieties were either sensitive at the vegetative or reproductive 
phase. In some previous studies, an increase in grain yield with AWD was reported which 
was associated with an increase in panicle number, with more spikelets at heading and higher 
grain weights (Yang et al., 2007; Zhang et al., 2009), but this was reported under AWD with 
a threshold of -15 kPa, which limited the opportunity for substantial water savings. In other 
studies, yield reduction observed in conditions from -20 to -30 kPa was due to the decrease in 
biomass production, panicle and spikelet number, and 1,000 grain dry weight (Li, 2001; Lu et 
al., 2000; Zhang et al., 2009). In studies where grain yield was reported to be increased by 
water saving techniques (Zhang et al., 2008), drainage was only conducted during grain 
filling: in that case, HI and carbohydrate remobilization were improved and these supported 
the increase in yield (Zhang et al., 2009; Yang et al., 2007; Ali and Talukder, 2008). But the 
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main objective of such studies was not to increase WP but to increase GY. In our study, 
AWD was conducted during the whole crop growth, except for two week before and after 
anthesis, and no improvement in HI was observed for any of the genotypes considered. 
Indeed, the goal during our trials was to save water while maintaining yield in order to 
address the situation where farmers are all dependent on a single source of water and need to 
share it. The inconsistencies reported in yield component patterns under AWD conditions 
from the earlier and the present studies were attributed to a diversity in water management 
and varietal responses.  
Crop duration of the adapted genotypes in our study (I4, I15) was slightly longer than that 
of the other genotypes considered here. The genotypes used by Zhang et al. (2009) and Yang 
et al. (2007) were characterized by a 150-day-per-crop cycle, which was 40–50 days longer 
than popular genotypes in favorable tropical conditions. In the present study, overall 
performance under AWD conditions can be seen as early as flowering since changes in sink 
size appeared to be closely associated with changes in GY (in the case of the high-yielding 
genotype I4). Recently, it has been reported that genotypes adapt their sink size to growth 
conditions and intrinsic plant ability (Lafarge and Bueno, 2009), which was confirmed here 
where changes in fertility rate do not seem to have varied with genotype. With I4, these 
changes in sink size are mainly explained by changes in panicle number. Pantuwan et al. 
(2002) reported that high biomass production at anthesis is an important trait to consider 
under mild drought stress to achieve high yield. This statement supports sink size as a 
promising parameter since it has been shown by others that high sink size is correlated to 
high biomass at anthesis (Horie et al, 2003).  
Improved sink regulation appeared as a main driver for adaptation under AWD condition: 
at flowering, the adapted genotypes produced more productive tillers and, at maturity, the 
adapted genotypes were characterized by higher SSL or SCL, which means that they 
allocated less biomass to the culms in favor to the panicle, although the yield was similar. 
This was possibly explained by more carbohydrates stored and available for grain filling. In 
addition, the repartition of filled and unfilled grains under AWD at maturity was improved 
for I4, the adapted genotype, compared with I2, the sensitive genotype. This better sink 
regulation was not expressed earlier in the cycle as maximum tiller number under AWD was 
higher for all genotypes and was associated with a delay in culm growth compared with the 
patterns under CF. The increase in tillering under AWD generating an earlier canopy closure 
was probably beneficial as a way to save more water through lower evaporation, since loss of 
water through evaporation from the water surface in paddy fields is minimal after the canopy 
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closes (Yoshida, 1981). However, in terms of crop production, the delay in tiller cessation 
reported under AWD was not favorable for maximizing GY: higher stem growth rate and 
better assimilate partitioning among plant organs were associated with earlier cessation of 
tillering in high-yielding hybrids (Lafarge et al, 2009). This significantly contributed to the 
hybrid’s superiority in grain yield (Bueno and Lafarge, 2009). 
In conclusion, WI was reduced and WP was increased under AWD in all the genotypes 
studied, with the threshold of soil water potential fixed for irrigation of -30 kPa in our study 
conducted in clay soil. Genetic variation in crop performance response to AWD was expected 
and observed in the field over two growing seasons. Two adapted genotypes were identified 
as having similar GY under CF and AWD. Interestingly, there was no evidence in this study 
of a consistent and better adaptation of hybrid rice. Aboveground traits to explain such 
adaptation, as observed with the adapted genotypes, were substantial crop duration and high 
sink size supported by improved sink regulation: less vigorous stems, less unfilled grains, and 
heavier filled grains at maturity. The characterization of the rooting pattern (and of its 
plasticity in response to AWD) of the several genotypes considered here will be the focus of a 
subsequent analysis. In particular, it would be relevant to investigate whether the improved 
sink regulation is also applied to the rooting system. Such adapted genotypes provide avenues 
to further increase water productivity under AWD by better adapting the cultural practices to 
their own characteristics and by exploiting them as parent donor in breeding programs. 
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Fig. 4.4. Percentage of different grain weight groupings in I4 (a) and I2 (b) in 2008 dry 
season. 
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CHAPTER 5:  
CROP STRATEGY IN CARBON ACCUMULATION AND PARTITIONING THAT 
RESULTED TO GRAIN YIELD SUPERIORITY OF HYBRID VERSUS POPULAR 
INBRED UNDER IRRIGATED ENVIRONMENTS 
 
5.1 Summary 
Four contrasting hybrids and four contrasting inbreds were grown on the IRRI farm during 
a wet and a dry season under the same cultural practices. The grain yield of hybrids was 
significantly higher than that of inbreds by 14% in the wet season and 18% in the dry season. 
Crop growth rate during each phenological phase, blade growth rate during the vegetative 
phase, stem growth rate during the reproductive phase and panicle growth rate during the 
ripening phase were consistently higher for hybrids than for inbreds. As a consequence, the 
shoot biomass of hybrids increased quicker with time than that of inbreds. And the larger 
biomass accumulation observed for hybrids at maturity, 2139 and 1906 g m-2 vs 1952 and 
1736 g m-2 for the dry and wet seasons, respectively, was systematically associated with a 
higher harvest index. It was highlighted the key role of each phenological phase in 
contributing to the higher biomass production of hybrid rice regardless of the cropping 
season, dry or wet. The efficient partitioning of biomass to specific plant organ with time also 
supports the higher performance of hybrids over inbreds. While partitioning coefficient (PC) 
of dry matter to blade and sheath was similar for both plant types in both seasons at the early 
stage, PC to culm of hybrids was higher than that of inbreds, and PC to blade was lower, in 
the late vegetative and early reproductive phases. During the late reproductive phase, PC to 
panicle of hybrids was higher than that of inbreds, and PC to culm was lower whereas culm 
elongation was similar for both plant types. During grain filling, PC to culm was significantly 
more negative with hybrids which indicated stronger remobilization with hybrids. Specific 
culm length before anthesis, as low as 40 cm g-1, accounted for storage ability, and at 
maturity, as high as 130 cm g-1, for remobilization ability. Sink strength index, as a better 
indicator of dry matter partitioning efficiency than harvest index, and unfilled grain size, as 
an indicator of assimilate wastage, were suggested as key indices to account for the better 
sink regulation in hybrid rice and to improve screening protocols for increasing yield 
potential. 
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5.2 Introduction 
Increasing rice yield potential is one key avenue for the annual 1% increase in rice 
production that has to be obtained to ensure sufficient rice delivery in rice–consuming areas. 
The stagnation of yield potential, however, has been acknowledged for the last 10 to 20 years 
already and this could be overcome by developing new types of rice varieties. Yield potential 
of indica/indica hybrids was 9% higher in experimental fields under optimal conditions in the 
tropics, that is, in the dry season when light intensity is high during grain filling (Peng et al. 
1999; Peng et al., 2003). Both harvest index and biomass at maturity are relevant parameters 
to support the higher performance of hybrids (Ponnuthurai et al., 1984; Song et al., 1990) and 
both could be considered as targeted traits in breeding programs. However, they are often 
presented as parameters each excluding the other in supporting higher yield (Yang et al., 
2002; Laza et al., 2003): either high harvest index associated with high biomass accumulation 
before anthesis (Peng et al. 1998; Laza et al., 2003; Peng et al., 2003; Katsura et al., 2007) or 
high biomass accumulation during grain filling (Yamauchi, 1994; Peng et al., 1999) is 
identified as sustaining higher grain yield of hybrid rice over elite inbreds. The occurrence of 
one or the other is reported as dependent on weather conditions, under which biomass 
accumulation appears as the main driver under favorable conditions and harvest index under 
sub-optimal conditions (Peng et al., 1999; Peng et al., 2003; Laza et al., 2003). This 
contrasting effect between the dry and wet seasons on the comparative performance of 
hybrids and inbreds at IRRI suggests that screening for hybrid rice should focus on distinct 
traits with respect to target growing conditions, which would have important consequences 
for determining strategies for breeding programs for hybrid rice. It is proposed here to 
identify promising traits by investigating the processes responsible for the advantage of 
hybrids over inbreds. Analyzing the phenotypic differences between high-yielding hybrids 
and inbreds in their way to build up grain yield that could confirm some aspects of the actual 
breeding strategies and suggest new target breeding traits. 
Similar crop duration (days to maturity) was not a criterion for selecting the genotypes 
analyzed in most studies dealing with the comparative performance of hybrids and inbreds 
(Peng et al.,1998, Peng et al., 1999, Laza et al., 2001), in which high yield ability was the key 
factor for genotype selection. Yet, crop duration was significantly different among these 
genotypes and this was even reported as one of the traits underlying different performances 
with regard to biomass accumulation. This was indeed the case of super hybrid rice compared 
with conventional varieties (Katsura et al., 2007): the former produced higher biomass before 
heading because of longer duration. This was also the case of hybrids producing lower yield 
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with shorter crop duration (Yang et al., 2007). These differences in crop duration were clearly 
a potential source of diverse biomass accumulation among genotypes that was nonetheless 
not directly related to the intrinsic ability of the plant to accumulate biomass. Examining the 
issue of the comparative ability of different plant types to accumulate biomass requires 
growing genotypes of the same maturity group.  
 
5.3 Objectives 
General 
This work should provide a good basis for further studies aiming at investigating which 
trait(s) during which phase(s) could be pointed out as promising for bringing further 
improvements towards higher grain yield. 
Specific objectives 
1) To investigate among rice genotypes from IRRI whether high-yielding hybrids have a 
higher and more consistent ability than elite inbreds to accumulate biomass with time until 
maturity with respect to the growing season in the tropics, 
2) To identify which crop phase is the most critical in generating higher biomass 
accumulation and subsequently in supporting higher grain yield. This was studied by growing 
germplasm of the same phenology and maturity group to minimize any confounding effect of 
crop duration that would inevitably produce substantial differences in biomass accumulation.  
3) To understand the hybrid strategy in utilizing accumulated biomass and to determine if this 
strategy would result to higher harvest index 
4) To characterize the pattern of partitioning and remobilization of accumulated biomass 
among plant organs with time. 
 
5.4 Materials and Methods 
5.4.1 Site description and crop establishment 
Field experiments were conducted in the 2004 wet season (WS) and in the 2007 dry 
season (DS) at the lowland research farm of the International Rice Research Institute (IRRI), 
Los Baños, Laguna, Philippines (14°11′N, 121°15′E, 21 m elevation). The soil was classified 
as Andaqueptic Haplaquolls with particle size distribution of 58% clay, 33% silt, and 9% 
sand. The topsoil contained 18.6 g organic C kg-1, and 1.90 g total N kg-1, with pH (CaCl2) of 
6.5. 
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The experiments were laid out in a randomized complete block design with four 
replications. Eight rice genotypes, four hybrids and four elite inbreds with the same 
phenology and adapted to tropical conditions, were chosen from IRRI breeding programs and 
grown in both crop seasons. Although the main criteria for choosing these genotypes with 
respect to data gathered in breeders’ trials were (i) their yield performance within their 
respective group and (ii) their similar crop duration, they were also characterized by a weak 
coefficient of parentage (COP). The COP for two genotypes estimates the expected 
percentage of alleles identical by descent at loci that are polymorphic within a population 
(ICIS, International Crop Information System; www.icis.cgiar.org). In short, it is a measure 
of common ancestry of two genotypes. The COP values calculated with ICIS (Portugal et al., 
2007) for each pair of genotypes considered here were as low as 0.0760, and was as low as 
0.1372 and 0.1373 within the hybrid and inbred groups, respectively.  
The seeds were soaked in water for 24 h and incubated at room temperature for another 24 
h. The pre-germinated seeds were sown in a wet-bed nursery for the WS and in seedling trays 
for the DS at 3000 seeds m-2. In the WS, 7-day-old (3-leaf stage including the immature pre-
leaf) seedlings were manually transplanted in the field at a hill spacing of 20 x 10 cm, with 
one seedling per hill. In the DS, 12-day-old (3-leaf stage) seedlings were transplanted at a hill 
spacing of 20 x 20 cm, with one seedling per hill. The plot size was 40 m2 in the WS and 60 
m2 in the DS.  
 
5.4.2 Crop management 
Phosphorus (50 kg P ha-1 as single superphosphate), potassium (50 kg K ha-1 as muriate of 
potash), and zinc (5 kg Zn ha-1 as zinc sulfate heptahydrate) were applied and incorporated in 
all the plots a day before transplanting during both seasons. Nitrogen was applied in the form 
of urea to ensure optimal N inputs during the crop cycle. Once a week, leaf N content was 
estimated with SPAD (chlorophyll meter SPAD-502, Minolta Co. Ltd., Japan) readings in 
order to avoid any N deficiency and it was confirmed that SPAD values were not lower than 
35 (Peng et al., 1996). N was then applied accordingly. As a result, in the wet season, a total 
of 120 kg N ha-1 was applied in four splits (30 kg N ha-1 as basal, 40 kg at mid-tillering, 30 kg 
at maximum tillering, and 20 kg before flowering), and, in the dry season, 180 kg N ha-1 was 
applied in five splits (40 kg N ha-1 as basal, 20 kg at mid-tillering, 50 kg at maximum 
tillering, 40 kg one week after panicle initiation (PI), and 30 kg before flowering) in all plots. 
Ultimately, green blade N content was analyzed in the laboratory, following the protocol of 
Nelson and Sommers (1980). Data showed that blade N content in all plots and throughout 
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the plant cycle was neither deficient nor toxic (Table 5.1): it was higher than 2.5% at tillering, 
higher than 2.0% at flowering, and lower than 4.5% at all times (Dobermann and Fairhurst, 
2000). The field was flooded 2 days after transplanting and a floodwater depth of 3-5 cm was 
maintained until 10 days before physiological maturity. Weeds were controlled by applying 
Soft-it (pretilachlor) at 2 days after transplanting and subsequent weeding was done manually 
when required. Pests were controlled using chemicals.  
 
5.4.3 Climatic measurements 
Weather data were collected from the IRRI lowland agro-meteorological station within a 
500–m radius from the experimental field. Solar radiation was measured by a Gunn-Bellani 
radiation-integrator (Baird & Tatlock, London, UK). Daily minimum and maximum 
temperature were measured by a standard ventilated psychrometer (no. 706, Wilh, Lambrecht 
KG, 34 Gottingen, Germany). In addition, local soil temperature inside the plot was measured 
every minute at 20–mm depth below the soil surface using thermocouples (compensation 
cable for type T thermocouple, Chauvin Arnoux, Pyro-Contrôle, Vaux-en-Velin, France), and 
the average temperatures were stored every 30 minutes in a Campbell datalogger. When the 
plant meristem was observed above the water level (start of culm elongation), the 
thermocouples were removed from the soil and strung to the main tillers at meristem level 
and their position was adjusted regularly. Meristem temperature was assumed to correspond 
to soil temperature until the start of culm elongation and to canopy temperature at meristem 
height until heading and at panicle height thereafter (Jamieson et al., 1995; Lafarge et al., 
1998). Mean daytime vapour pressure deficit in the air at 2–cm above soil level (VPDa) was 
calculated from 0600 until 1800 every day and was never higher than 2.2 kPa and even 
instantaneous VPDa was never higher than 2.6 kPa. Considering these low values of VPDa, 
the common model using a broken linear function of temperature to calculate thermal time 
(Ritchie and NeSmith, 1991; Hammer et al., 1993) was not considered here (Lafarge et al., 
1998). Daily thermal time (TT) was then calculated by a daily integration of meristem 
temperature minus a threshold temperature of 11 °C. Thermal time (TT) was then calculated 
by accumulating TT from sowing. Daily cumulative global radiation ranged from 2.6 to 23.8 
MJ m-2 in the wet season (27 July to 11 November 2004) and from 5.6 to 23.9 MJ m-2 in the 
dry season (5 January to 20 April 2007). The mean daily minimum and maximum 
temperature, mean daily total radiation, and cumulative radiation at different crop growth 
stages are presented in Table 5.2.  
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Table 5.1. Blade N content (% of the blade biomass) of hybrids and inbreds at different days 
after sowing (DAS) in the 2004 wet season and 2007 dry season. Each value is the mean of 
four reps. 
 
Genotype 2004 WS      2007 DS     
  27 DAS 41 DAS 55 DAS   45 DAS 52 DAS 77 DAS 
        
Hybird (H)        
IR75217H 4.09 3.17 2.53  4.37 3.48 3.12 
IR78386H 4.38 3.36 2.72  4.37 3.15 3.03 
IR79175H 4.33 3.21 2.68  4.2 3.22 2.8 
IR80793H 4.4 3.45 2.47  4.57 3.35 2.78 
        
Inbred (I)        
IR72 4.48 3.25 2.67  4.53 3.5 3.14 
IR77958-7-4-3 4.17 2.98 2.56  4.38 3.29 3.09 
IR77958-14-4-7 3.76 3.29 2.71  4.57 3.44 2.98 
IR76928-74-3-2-1 4.61 2.94 2.77  4.28 3.37 2.86 
        
LSD (0.05) 0.65 0.31 0.35  0.36 0.4 0.27 
Mean-H 4.30 a 3.30 a 2.60 a  4.38 a 3.3 a 2.93 a 
Mean-I 4.25 a 3.11 a 2.68 a  4.44 a 3.4 a 3.02 a 
                
LSD (0.05) values are for comparison of 8 genotypes. 
Within columns for each season, means of hybrids and inbreds followed by the same letter 
are not significantly different at the 5% level using LSD. 
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5.4.4 Non-destructive observations and characterization of crop stage 
Mid-tillering (MdT) was defined as the stage when half of the total tiller number had 
appeared. Panicle initiation (PI) was determined by dissecting and observing the main tiller of 
randomized collected plants from each plot under a binocular microscope (Leica MZ 95, 
Leica Microsystems Ltd., Heerburgg, Switzerland) every second day when PI was close. 
Panicle initiation was considered to have occurred when the first row of floral primordia was 
visible on the shoot apex. Flowering (Fl) was determined from each plot when an average of 
50% spikelets per panicle of the main tiller only on 5 out of 10 plants had exserted their 
anthers. Maturity (Mat) was determined when 95% of the spikelets of the whole plot had 
turned from green to yellow. Duration of each phenological phase and of the overall crop 
duration of each of the eight genotypes was confirmed to be similar (Table 5.3). In particular, 
the dates of flowering and maturity were similar across plant types. A difference of 3 days in 
PI occurrence was reported across plant types in the dry season, which might have been a 
consequence of the inherent complexity of the observation, whereas no difference was noted 
in the wet season. The production of fully expanded blades on the main tiller was recorded 
from five tagged plants in each plot until flowering by noting leaf collar appearance until the 
flag leaf. A leaf was considered as fully expanded once its collar was visible above the 
enclosing sheath of the previous leaf. When a leaf was partially developed, the ratio of the 
length of the developing leaf to that of the preceding leaf was estimated. The youngest leaves 
were tagged on the day of observation with rings of different colours with respect to their 
position to avoid errors at late stages due to leaf senescence and abundant foliar development. 
 
5.4.5 Destructive morphological measurements 
At transplanting, plants were sampled as 4 sets of 12 seedlings from the wet-bed nursery 
(wet season) and from seedling trays (dry season) for all the genotypes. Seedlings were 
randomly pulled and placed in plastic bags. For each subsequent sampling in the field, plants 
were sampled from 0.12 m2 that corresponded to 6 hills in the wet season and from 0.32 m2 
that corresponded to 8 hills in the dry season. From each sampling, total green and dead 
tillers were counted systematically. One single leaf emerging from the sheath of a mature 
mother leaf was already considered as a tiller. Plant samples were separated into green leaf 
blades, dead leaf blades, leaf sheaths, culms (internodes and nodes), and panicles (including 
juvenile ones when present). The area of the green blades of all sampled plants until 31 DAS, 
and of a sub-sample of 3 to 4 randomized plants until flowering (wet season) and until a week 
after flowering (dry season), was measured with a leaf area meter (MK2, Delta-T Devices 
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Ltd., Cambridge, UK). For all sampling dates, dry matter of each entity -green and dead leaf 
blades, leaf sheaths, culms, and panicles (when present) of the green tillers, and green and 
dead leaf blades and leaf sheaths of the dead tillers- was determined by weighing the material 
after drying during 72 h in an oven at 70 °C.  
Specific leaf area (SLA, cm2 g-1) was calculated by dividing leaf blade area of the sub-
sample by the corresponding leaf blade dry matter. Total green leaf blade area (LA, cm2) was 
determined as the product of total green leaf blade dry matter of the whole-plant sample and 
SLA. Leaf area index (LAI) was calculated as LA of the sampled plants divided by the 
corresponding ground sampling area. Total leaf blade dry matter was calculated as the sum of 
green and dead leaf blade dry matter. Stem dry matter was calculated as the sum of the leaf 
sheath and culm dry matter. Shoot dry matter of the plants was calculated as the sum of the 
dry matter of leaf blades, stems, and panicles. Above-ground crop growth rate (CGR, g m-2 d-
1), blade growth rate (BdGR, g m-2 d-1), stem growth rate (StGR, g m-2 d-1), and panicle 
growth rate (PaGR, g m-2 d-1) were calculated based on changes in respective shoot, blade, 
sheath, and panicle dry matter accumulation per unit ground area over a time interval. 
Culm length of a sub-sample of 2 hills was measured on each green tiller before anthesis. 
After anthesis, culm length was measured on each tiller bearing a panicle. Specific culm 
length (SCL, cm g-1) was calculated by dividing the total culm length by the corresponding 
culm dry matter. Sink strength index (culm-based SSI) was the product of panicle dry weight 
and specific culm length. The partitioning coefficient (PC) of the shoot dry matter for each 
respective organ was calculated between two key dates by dividing the increase in dry matter 
of the individual organ (leaf blade, leaf sheath, culm, or panicle) by the corresponding 
increase in shoot dry matter. To calculate shoot dry matter as accurately as possible, leaf 
blade and sheath dry matter were assumed to be stable as soon as their maximal value per 
plant was reached, that is, no material loss was considered and the shoot dry matter always 
corresponded to the sum of the total dry matter accumulated by each organ since germination. 
PC to the different organs was calculated at the following stages: early vegetative, EVeg 
(from transplanting to active tillering); late vegetative, LVeg (from active tillering to panicle 
initiation, PI); early reproductive, ERep (from PI to 1 week after PI); mid–reproductive, 
MdRep (from 1 to 2 weeks after PI); late reproductive, LRep (from 2 weeks after PI to 
flowering); early grain filling, EGrFil (from flowering to 1 week after flowering); mid–grain 
filling, MdGrFil (from 1 to 2 weeks after flowering); and late grain filling, LGrFil (from 2 
weeks after flowering to maturity). During the 2004 WS, PC during grain filling was 
calculated from flowering to harvest (GrFil) only.  
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At maturity, plants were randomly sampled in two locations of 0.32 m2 in each plot and 
total tiller number and number of productive, unproductive, and dead tillers were determined. 
Stem length of each tiller of 4 sub-sampled hills was measured from the top root to the 
highest collar of the plant before all the plants were separated into blades, sheaths, culms, and 
panicles. Dry matter of each plant organ was measured. Tillering efficiency (TilE) was 
computed as the ratio of productive to maximum tiller number per plant. Maximum tiller 
number was identified from weekly observations of the number of live tillers during plant 
growth and productive tillers were counted at harvest. Grains were separated from the rachis, 
and filled and unfilled grains were separated with respect to a flow rate of 4 m3 per sec using 
a Seedburo blower (KL-1205, Seedburo, Chicago, IL, USA). The weight of total filled and 
unfilled grains and 1000 filled and unfilled grains and, by computation, the number of filled 
and unfilled grains per panicle were determined. Harvest index (HI) was computed as filled 
grain dry matter divided by shoot dry matter. Grain yield (GY) was determined by harvesting 
a 5–m2 sampling area (125 hills) in the center of each plot. Grain moisture content of the 
filled grains was measured with a digital moisture tester (DMC-700, Seedburo, Chicago, IL, 
USA) and grain yield was calculated at 14% moisture content. 
 
5.4.6 Statistical analysis 
Grain yield, yield components, crop growth rates, and partitioning coefficients were 
analyzed following analysis of variance (SAS, 2002-2008) for each of the two growing 
seasons, and means of genotypes and groups of plant types were compared based on the least 
significant difference test (LSD) at 5% and 10% level of significance depending on variables. 
In the graphs, standard error was computed for each sampling date. 
 
5.5 Results 
5.5.1 Higher biomass accumulation of rice hybrids than elite inbreds of the same phenology 
in the tropics. 
Radiation conditions of these two experiments were considered as representative of the 
actual growing environments of the IRRI farm. The average daily radiation received by the 
crop during the 2004 wet season, 16.1 MJ m-2, was similar to the average of the last 20 years, 
whereas that of the 2007 dry season, 17.7 MJ m-2, was at the lower limit of the range of the 
last 20 years (16.1 to 21.7) but corresponded to the average of the last three years (data not 
shown). In addition to the difference in the average daily radiation, the distribution of 
radiation varied substantially with crop phases across seasons. During the ripening phase, the 
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average daily value was appreciably higher in the dry season, 20.4 MJ m-2, than in the wet 
season, 15.1 MJ m-2, as was the average maximum temperature, 32.5 versus 30.3 °C (Table 
5.2), which created more favorable conditions for grain filling in the dry season. During the 
vegetative and reproductive phases, average minimum and maximum temperatures were 
lower in the dry season than in the wet season (Table 5.2), which would limit demand for 
growth of existing tillers and then enhance early tiller production per plant. The average 
daytime VPD values were appreciably low, around 1 kPa, and were not considered 
detrimental to plant growth (Table 5.2). 
Individual grain yield of each hybrid ranged from 5.8 to 6.2 t ha-1 in the wet season and from 
10.4 to 10.8 t ha-1 in the dry season, whereas that of each inbred ranged from 5.2 to 5.3 t ha-1 
and from 8.4 to 9.7 t ha-1 in the wet and dry season, respectively (Table 5.4). Average grain 
yield of the four hybrids was 6.0 and 10.6 t ha-1 in the 2004 WS and 2007 DS, respectively, 
consistently higher than that of the four inbreds (5.2 and 9.0 t ha-1) by 14% and 18%, 
respectively, whereas all genotypes had similar crop duration (Table 5.3). This significant 
yield advantage of hybrids was supported in both seasons by both higher shoot biomass and 
higher harvest index measured at physiological maturity (Table 5.4). Average shoot biomass 
of hybrids at maturity was significantly higher by 9% in both the wet and dry seasons (1906 
vs. 1736 and 2139 vs. 1953 g m-2, respectively), and average harvest index was significantly 
higher by 4% and 9% in the wet and dry seasons, respectively (0.45 vs. 0.43 and 0.54 vs. 
0.49). The superiority of hybrids in terms of biomass accumulation and harvest index was 
associated with more filled grains per panicle, observed in both seasons (58 versus 47 in the 
wet season and 139 versus 109 in the dry season), while a similar average number of panicles 
at maturity was observed, despite some variability among individual genotypes (Table 5.4). 
Inbreds compensated slightly for the fewer filled grains per panicle with a larger grain size in 
both seasons. The higher plant density established at transplanting in the wet versus the dry 
season (50 versus 25 plants m-2) probably accounted for the higher panicle number at 
maturity between seasons (Table 5.4). At physiological maturity, grain yield was overall 
significantly correlated to both shoot biomass (r, 0.71) and HI (r, 0.94) (data not shown). The 
dynamic of leaf emergence on the main tiller was similar for both hybrids and inbreds in both 
seasons: they increased with thermal time from emergence of leaf 6 observed at 300 °C days 
after sowing until emergence of the flag leaf that occurred at a similar time across genotypes, 
but with a small variability in the dry season when the final leaf number of inbreds was 
slightly higher (Figs. 5.1a and b). This similarity in flag–leaf emergence confirmed the 
similar phenology characterizing the 8 genotypes under study (Table 5.3). The dynamics in 
 73
 
tiller emergence across plant types during the wet season were similar until 630 °C days (34 
DAS), but their duration was presumably different since the maximum tiller number of 
inbreds was 882 m-2, whereas it was only 818 m-2 for hybrids (Fig. 5.1c and inset). However, 
productive tiller number at maturity and tillering efficiency (TilE) were similar between plant 
types (Fig. 5.1c). Likewise, the dynamics in LAI (Fig. 5.1e) and blade dry matter (Fig. 5.1g) 
during the wet season were also similar between plant types. A slight advantage of hybrids 
was noticed, however, for LAI and blade dry matter from 496 °C days until a week before PI, 
when LAI was higher by 10% on average, and at flowering (Figs. 5.1e and g). In contrast, 
during the dry season, tiller emergence was significantly faster with hybrids, with 16% more 
tillers at 310 °C days (20 days after sowing, DAS) and 18% at 572 °C days (38 DAS) (Fig. 
5.1d and inset). However, the dynamics of tiller production from PI (727 °C days) onward 
were similar between plant types, including values of maximum tiller number and productive 
tiller number at maturity, which led to similar values of TilE (Fig. 5.1d). Likewise, LAI and 
leaf dry matter in the dry season (Figs. 5.1f, h, and insets) increased significantly faster with 
hybrids until PI. After PI, values of LAI in both seasons varied inconsistently with thermal 
time. At the early stage, a key period for leaf growth, the tendency for higher tillering rate, 
higher LAI, and higher blade dry matter of hybrids was confirmed in both seasons, with a 
significantly higher blade growth rate calculated from transplanting to panicle initiation (Fig. 
5.3a). At the early stage, however, values of SLA in the dry season (Fig. 5.1j) were similar 
between plant types, and in the wet season were slightly higher for hybrids (Fig. 5.1i) 
whereas at that time no difference in LAI was observed (Fig. 5.1e). Even the strong and 
transient drop in SLA measured in both seasons shortly after transplanting was surprisingly 
consistent and similar between plant types. This drop, however, did not seem to have affected 
leaf and tiller dynamics (Figs. 5.1a to d). Higher stem (sheath + culm) dry matter of hybrids 
was observed with thermal time during both the wet and dry seasons, with the difference 
increasing with time until flowering (Figs. 5.2a and b and insets). This trend between hybrids 
and inbreds was confirmed with a significant stem growth rate calculated for hybrids during 
the reproductive phase, the period when it was at its highest (Fig. 5.3b). Similarly, the panicle 
growth rate of hybrids calculated during the ripening phase was significantly higher than that 
of inbreds, 23.3 g m-2 day-1 compared with 20.3 g m-2 day-1 in the wet season and 36.8 g m-2 
day-1 compared with 31.6 g m-2 day-1 in the dry season (Fig. 5.3c). In addition, the values of 
panicle dry matter of hybrids at maturity were significantly higher than those of inbreds, 1008 
g m-2 compared with 870 g m-2 in the wet season and 1260 g m-2 compared with 1058 g m-2 in 
the dry season (Figs. 5.2c and d and insets). For comparison with the accumulated differences 
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in blade and stem dry matter with thermal time, the difference in panicle dry matter between 
both plant types at maturity was the highest difference in a given organ dry matter observed 
between both plant types during the whole crop growth (Figs. 5.1g and h, 5.2a, b, c, and d). 
Overall, the accumulation of shoot biomass of hybrids with thermal time was quicker than 
that of inbreds, with values at maturity of 1906 g m-2 compared with 1736 g m-2 in the wet 
season and 2139 g m-2 compared with 1952 g m-2 in the dry season (Figs. 5.2e and f and 
insets). The above-ground crop growth rate, as the integration of blade, stem, and panicle 
growth rate, was significantly higher for hybrids than for inbreds from transplanting to PI in 
both seasons (it was higher in hybrids by 9% in the wet season and by 17% in the dry season) 
and from flowering to maturity in the dry season, but also tended to be higher from PI to 
flowering in both seasons and from flowering to maturity in the wet season (Figs. 5.4a and b).  
 
5.5.2 Better sink regulation and carbon partitioning of rice hybrids than elite inbreds of the 
same phenology in the tropics. 
Partitioning coefficients (PCs) to blade and sheath were similar (close to 0.5 for each) 
during the early vegetative phase in the wet season for both plant types (Figs. 5.6a and c), 
whereas, in the dry season, PC to sheath was significantly lower with hybrids (Figs. 5.6b and 
d). At the same time, PC to culm was below 0.05 in both seasons and for both plant types 
(Figs. 5.6e and f). During the late vegetative phase in the wet season, PC to sheath was 
similar for both plant types and the values remained close to that of the early phase. The 
resulting value of PC to blade was significantly lower for hybrids, 0.38 vs 0.41, whereas the 
value of PC to culm was significantly higher (Figs. 5.6a and e). At the same time in the dry 
season, the value of PC to blade was also significantly lower for hybrids whereas the value of 
PC to culm was significantly higher, 0.05 vs 0.04, as was the PC to sheath (Figs. 5.6b, d, and 
f). During the early reproductive phase, PC to culm strongly increased compared with that of 
the late vegetative phase (about 3 times higher) in both seasons and for both plant types (Figs. 
5.6e and f). This increase was mainly to the detriment of PC to sheath in the wet season and 
PC to blade in the dry season. In both seasons, PC to culm of hybrids was significantly higher 
than that of inbreds (0.13 vs 0.09), whereas, in the dry season, PC to blade was significantly 
lower and PC to sheath higher (Figs. 5.6b, d, e, and f). At the same time, culm length of both 
plant types was similar at about 3 cm (Fig. 5.9). The partitioning coefficient to culm and to 
panicle increased substantially to the detriment of PC to blade and sheath during the mid-
reproductive period compared with the early reproductive period in both seasons (Figs. 5.7a 
to f). No significant difference in PC between plant types was noticed during the
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Table 5.2. Average daily solar radiation, minimum and maximum temperature, vapor 
pressure deficit, and cumulative solar radiation from sowing to panicle initiation (S-PI), 
panicle initiation to flowering (PI-Fl), and flowering to maturity (Fl-Mat) during the 2004 wet 
and 2007 dry seasons. 
 
No. of 
days 
Ave daily 
radiation 
Ave 
Tmin 
Ave 
Tmax VPD 
Cumulative 
 solar  
radiation 
  (MJ m-2) (°C) (°C) (kPa) (MJ m-2) 
2004 wet season       
     S-PI 49 15.2 24.6 31.4 0.99 745 
     PI-Fl 25 16.2 24.1 31.5 0.98 406 
     Fl-Mat 35 15.1 23.5 30.3 1.01 527 
2007 dry season       
     S-PI 48 14.4 22.5 29.1 0.78 690 
     PI-Fl 28 18.6 22.7 30.7 0.95 520 
     Fl-Mat 30 20.4 23.5 32.5 1.16 612 
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 Table 5.3. Phenological information (number of days to panicle initiation (PI), flowering (Fl), 
and maturity (Mat) of the four hybrids and the four elite inbreds in the 2004 wet season and 
2007 dry season. The PI values were the mean of the dates corresponding to three dissected 
plants, the Fl values were the day when the panicles of the main tillers of 10 tagged plants 
had all reached 50% flowering at least, and the Mat values were the day when all the panicles 
of the same 10 tagged plants had reached 90% maturity. 
 
Genotypes Number of days 
to: 
  Number of days to: 
 PI Fl Mat  PI Fl Mat 
        
Hybrid (indica/indica)      
IR75217H 45 69 104  44 73 102 
IR78386H 48 72 106  45 73 102 
IR79175H 50 73 107  45 74 105 
IR80793H 48 72 106  44 74 104 
Mean 48 72 106  45 74 103 
Indica inbred       
IR72 50 73 107  48 74 102 
IR77958-7-4-3 45 69 104  49 74 103 
IR77958-14-4-7 48 71 105  45 74 104 
IR76928-74-3-2-1 48 72 106  50 75 104 
Mean 48 71 106  48 74 103 
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Table 5.4. Grain yield (GY), biomass production at physiological maturity (PM), harvest index (HI), panicle 
number (PaNB), filled grain number (FiGrNB), weight of 1000 filled grains, and crop duration (CDur) for 
hybrids and inbreds in the 2004 wet season and 2007 dry season. Each value is the mean of four reps. 
Genotype GY Biomass at PM HI PaNB FiGrNB 1000- grain wt CDur 
 (t ha-1) (g m-2)  (m-2) (pan-1) (g) (d) 
2004 wet season       
Hybrid (H)        
IR75217H 6.13 1712 0.45 409 61 24.65 104 
IR78386H 6.24 1926 0.46 439 60 24.42 106 
IR79175H 5.77 1971 0.44 468 52 23.34 107 
IR80793H 5.86 2016 0.44 421 57 a 24.67 106 
Inbred (I)        
IR72 5.22 1686 0.41 484 46 23.14 107 
IR77958-7-4-3 5.18 1890 0.44 466 39 28.09 104 
IR77958-14-4-7 5.35 1599 0.44 402 54 24.21 105 
IR76928-74-3-2-1 5.25 1769 0.42 390 50 26.96 106 
LSD (0.05) 0.77 329 0.04 76 14 0.93  
Mean-H 6.00 a 1906 a 0.45 a 434 a 58 a 24.27 b 106 
Mean-I 5.25 b 1736 b 0.43 b 436 a 47 b 25.60 a 106 
        
2007 dry season       
Hybrid (H)        
IR75217H 10.45 2277 0.56 332 133 23.79 102 
IR78386H 10.77 2251 0.56 329 137 23.96 102 
IR79175H 10.63 2015 0.52 333 142 22.48 105 
IR80793H 10.73 2013 0.52 309 143 24.35 104 
        
Inbred (I)        
IR72 9.73 2113 0.52 375 105 24.7 102 
IR77958-7-4-3 9.17 1803 0.47 331 106 26.01 103 
IR77958-14-4-7 8.38 1854 0.49 309 115 23.6 103 
IR76928-74-3-2-1 8.72 2040 0.46 301 109 26.55 104 
LSD (0.05) 0.33 167 0.03 6 6 1.03  
Mean-H 10.65 a 2139 a 0.54 a 326 a 139 a 23.65 b 103 
Mean-I 9.00 b 1953 b 0.49 b 329 a 109 b 25.22 a 103 
LSD(0.05) values are for comparison of 8 genotypes. 
Within columns for each season, means of hybrids and inbreds followed by the same letter are not significantly 
different at the 5% level using LSD.  
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Fig. 5.1. Change with thermal time in leaf number of the main tiller (a and b), green tiller 
number m-2 (c, d, and insets), leaf area index (e, f, and insets), blade dry matter, g m-2 (g, h 
and insets), and specific leaf area, cm2 g-1 (i and j), of hybrids and inbreds during 2004 wet 
season (a, c, e, g, and i) and 2007 dry season (b, d, f, h, and j). Vertical lines represent the 
standard error of the mean of four replicates. PI stands for panicle initiation, FL stands for 
flowering, and TilE stands for tillering efficiency (ratio of productive tiller over maximum 
tiller number). 
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Fig. 5.2. Change with thermal time in stem dry matter, g m-2 (a, b, and insets), panicle dry 
matter, g m-2 (c, d, and insets), and shoot dry matter, g m-2 (e, f, and insets), of hybrids and 
inbreds during 2004 wet season (a, c, and e) and 2007 dry season (b, d, and f). Vertical lines 
represent  the  standard error of the mean of four replicates. PI stands for panicle initiation, 
FL stands for flowering 
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Fig. 5.3. Blade growth rate, g m-2 d-1, from transplanting to maximum tillering (a), stem 
growth rate, g m-2 d-1, from maximum tillering to flowering (b), and panicle growth rate, g m-
2 d-1, from flowering to maturity (c) of hybrids and inbreds during 2004 wet season and 2007 
dry season. Vertical lines represent the standard error of the mean of four reps.  
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Fig. 5.4. Crop growth rate from transplanting (Tr) to panicle initiation (PI), from PI to 
flowering (Fl), and from Fl to maturity (Mat) during 2004 wet season (a) and 2007 dry season 
(b). 
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mid-reproductive period although PC to culm of hybrids tended to be lower and PC to panicle 
higher than those of inbreds in both seasons. During the late reproductive phase, PC to culm 
of hybrids was significantly lower, and PC to panicle significantly higher than those of 
inbreds in the dry season (Figs. 5.7f and h). In the wet season, the difference in PC to culm 
between plant types was not statistically significant, but in magnitude PC to culm tended to 
be lower and PC to panicle higher for hybrids compared with inbreds (Figs. 5.7e and g). In 
the dry season, PC to culm was lower for hybrids even though the dynamics of culm length 
were similar for both plant types (considering that the late reproductive phase lasted from 900 
to 1100 °C days): in particular, rapid culm elongation started at 1090 °C days for both plant 
types (Fig. 5.9). Meanwhile, PCs to blade and sheath were null in the wet season and lower 
than 0.2 in the dry season (Figs. 5.7a to d). The partitioning coefficient to panicle was close 
to 1 during the whole grain-filling period of the wet season, with that of hybrids tending to be 
higher than that of inbreds (Fig. 5.8c) and PC to culm of hybrids tending to be lower than that 
of inbreds (Fig. 5.8a). In the dry season, during the early phase of grain filling starting from 
flowering time of the main tiller, PC to culm was substantial, up to 0.3 for both plant types 
(Fig. 5.8b), accounting for the end of culm elongation of all the tillers of the plant: the 
average culm length per tiller of the whole plant increased strongly during this phase, lasting 
from 1100 to 1300 °C days (Fig. 5.9). At the same time, PC to panicle tended to be higher for 
hybrids. During the mid-grain-filling phase, starting after 1300 °C days at a time when all 
tillers of the plant had a mature culm (Fig. 5.9) and were actively contributing to fill 
spikelets, PC to panicle was higher than 1.2, whereas PC to culm was negative for both plant 
types (Figs. 5.8b and d): This accounted for biomass remobilization from the culm to the 
panicle at the whole-plant level, which was significantly higher for hybrids than for inbreds, 
with PC to culm at -0.36 and -0.22, respectively. Similarly, PC to panicle of hybrids was 
significantly higher. Final length of culms of inbreds was even higher than that of hybrids, 
contributing partly to the difference in remobilization from culm between hybrids and inbreds 
(Fig. 5.9). During the late phase of grain filling, PC to panicle of hybrids was also 
significantly higher than that of inbreds. Interestingly, PC to culm was substantial and 
positive for both plant types, with that of inbreds being close to 0.1 and significantly higher 
than that of hybrids (Figs. 5.8b and d), whereas culm length had already been complete for a 
long time (Fig. 5.9). Specific culm length (SCL, reverse of culm vigor) of all hybrid culms 
bearing a panicle in the 2007 DS decreased quicker than that of inbreds until almost 
flowering time: it was similar at 78 cm g-1 at 700 °C days and as low as 45 cm g-1 for hybrids 
and 55 cm g-1 for inbreds at 960 °C days (Fig. 5.10a), indicating that the culm of hybrids was 
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more vigorous. Shortly after the time when the vigor of the culms was at its highest of the 
whole crop duration, flowering occurred on the main tiller. For both plant types, SCL then 
increased quickly and similarly from flowering until 1500 °C days to values higher than 120 
cm g-1, accounting first for the end of culm elongation, until 1300 °C days (Fig. 5.9), and 
second for remobilization from culm to panicle forboth plant types until 1500 °C days (Fig. 
5.10a). At that time, the value of hybrids (130 cm g-1) was higher than that of inbreds (120 
cm g-1) and was still slightly higher at maturity, even though SCL of both plant types 
declined after 1500 °C days. Sink strength index (SSI) was designed to account for the 
efficiency of biomass partitioning more precisely than harvest index by integrating the vigor 
of the culm with the weight of the panicle: the higher culm-based SSI was, the more efficient 
the tiller was in bearing a heavier panicle with a weaker stem. As a consequence of the 
dynamics of SCL and the increase in panicle dry matter, culm-based SSI in the 2007 DS 
increased slowly until flowering (1100 °C days), and then quickly until maturity (Fig. 5.10b). 
This index appeared similar for both plant types until flowering but then the SSI of hybrids 
increased significantly quicker than that of inbreds, particularly during the second part of 
grain filling. At maturity, the difference between plant types was at its highest, with culm–
based SSI of hybrids and inbreds at 330 and 400 g cm g-1, respectively. The same trend was 
observed when SSI was calculated on the basis of specific stem length (SSL, reverse of stem 
vigor) instead of specific culm length (Table 5.5). Stem-based SSI was significantly higher 
for hybrids in the wet season (139 g cm g-1) and in the dry season (209 g cm g-1) compared 
with that of inbreds (117 and 183 g cm g-1 in the wet and dry season, respectively). Like SCL, 
SSL at maturity was similar for both plant types in both seasons. Sink size, considered as the 
total number of spikelets per unit ground area (ToGrNB), was significantly higher with 
hybrids than with inbreds by more than 25% in both seasons; however, grain-filling ratio was 
significantly higher for inbreds than for hybrids, 67% vs 64% in the wet season and 77% vs 
73% in the dry season, and was substantially lower than 1 for both plant types. Dry matter of 
1000 unfilled grains was significantly higher for inbreds than for hybrids in both seasons: 
4.75 vs 4.10 g in the wet season and 4.85 vs 4.37 g in the dry season, respectively (Table 5.5). 
At physiological maturity, the correlation coefficient of grain yield with stem-based SSI 
(0.95) tended to be higher than that with HI (0.90) (data not shown). 
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Fig. 5.5. Partitioning coefficient (PC) to blade (a and b), sheath (c and d), and culm (e and f) 
during the early vegetative (EVeg, from transplanting to 34 days after sowing (DAS)), 
the late vegetative (LVeg, from 34 to 48 DAS), and early reproductive (ERep, from 
48 to 55 DAS) periods of hybrids and inbreds in the 2004 wet season and 2007 dry 
season. +, * ,and ** indicate that alpha was significant at 6%, 5%, and 1%, 
respectively. 
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Fig. 5.6. Partitioning coefficient (PC) to blade (a and b), sheath (c and d), culm (e and f), and 
panicle (g and h) during the mid-reproductive (MdRep, from 55 to 62 DAS) and 
latereproductive (LRep, from 62 to 71 DAS) periods of hybrids and inbreds in the 2004 wet 
season and 2007 dry season. +, *, and ** indicate that alpha was significant at 6%, 5%, and 
1%, respectively. 
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Fig. 5.7. Partitioning coefficient (PC) to culm (a and b) and panicle (c and d) of hybrids and 
inbreds during grain filling (GrFil, from 71 to 105 DAS) in the 2004 wet season and during 
early grain filling (EGrFil, from 74 to 82 DAS), mid-grain-filling (MdGrFil, from 82 to 90 
DAS), and late grain-filling (LGrFil, from 90 DAS to maturity) periods of hybrids and 
inbreds in the 2007 dry season. B inset, PC to culm of the main tillers of hybrids and inbreds 
during EGrFil and MdGrFil periods. +, *, and ** indicate that alpha was significant at 6%, 
5%, and 1%, respectively. 
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Fig. 5.8. Change with thermal time in average culm length per productive tiller of hybrids 
and inbreds in the 2007 dry season. Vertical lines represent the standard error of the mean of 
four reps. Arrows indicate the time of panicle initiation (PI) and the time of flowering (FL). 
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Table 5.5. Total grain number (ToGrNB), grain–filling rate (Fi), specific stem length (SSL), 
sink strength index (stem-based SSI), and dry matter of 1000 unfilled grains (UnFiGrDW) for 
hybrids and inbreds in the 2004 wet season and 2007 dry season. The least significant 
difference test (LSD) at the 0.05 probability level is indicated. 
Genotype ToGrNB Fi SSL Stem-based SSI 1000- UnFiGrDM 
  (m-2) (%) (cm g-1) (g.cm g-1) (g) 
2004 wet 
season 
          
Hybrid (H)     
IR75217H 36629 0.67 60 131 4.43 
IR78386H 36964 0.68 57.6 136 3.64 
IR79175H 39385 0.61 63.9 142 4.28 
IR80793H 39614 0.59 57.4 146 4.06 
Inbred (I)      
IR72 32243 0.69 59.7 101 4.3 
IR77958-7-4-3 25650 0.71 60.9 127 5.52 
IR77958-14-4-7 30316 0.71 59.1 119 4.61 
IR76928-74-3-
2-1 
33003 0.58 53.8 120 4.56 
LSD(0.05) 3906 0.07 7.32 21 0.41 
Mean (H) 38148 a 0.64 b 59.7 a 139 a 4.10 b 
Mean (I) 30303 b 0.67 a 58.4 a 117 b 4.75 a 
2007 dry season     
Hybrid (H)     
IR75217H 60028 0.74 61.2 200 4.86 
IR78386H 59424 0.72 61.8 205 4.22 
IR79175H 65157 0.71 61.6 201 4.28 
IR80793H 65118 0.76 65 228 4.1 
      
Inbred (I)      
IR72 46473 0.85 76.5 209 4.95 
IR77958-7-4-3 48449 0.71 65.9 169 4.85 
IR77958-14-4-7 46115 0.79 70.8 191 4.45 
IR76928-74-3-
2-1 
41621 0.74 49.9 162 5.15 
LSD(0.05) 4615 0.05 11.62 41 0.87 
      
Mean (H) 62432 a 0.73 b 62.4 a 209 a 4.37 b 
Mean (I) 45664 b 0.77 a 65.8 a 183 b 4.85 a 
LSD(0.05) values are for comparison of 8 genotypes. 
Within columns for each season, means of hybrids and inbreds followed by the same letter 
are not significantly different at the 5% level using LSD. 
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5.6 Discussion 
The higher grain yield of rice hybrids compared with that of elite inbreds (by 14% to 18% 
on average) was confirmed in our study as it had widely been reported earlier (Virmani et al, 
1982; Yamauchi, 1994; Peng et al, 1999; Yang et al, 2007). Significantly higher harvest 
index and higher biomass of hybrids at maturity were reported for the two contrasting 
cropping seasons. The hybrids and inbreds under study here were selected among the high-
yielding ones of IRRI, which may have limited to some extent the phenotypic variability 
under evaluation although their pedigree was quite diverse as indicated by their coefficient of 
parentage. These findings contrast with previous studies comparing hybrids and elite inbreds 
in which biomass of hybrids at maturity was not significantly higher than that of inbreds 
(Peng et al., 1998, 2003). In particular, some analyses reported that components responsible 
for higher yield of hybrids were different with regard to growing conditions (Peng et al. 1999, 
Laza et al.2003; Peng et al, 2003): higher yield was attributed to greater biomass 
accumulation under favorable conditions and to higher HI under sub-optimum conditions. In 
our study, the consistency of hybrid superiority for harvest index and biomass accumulation 
at maturity was reported under two distinct weather environments at the IRRI farm (one wet 
season and one dry season) of contrasting distribution of incident radiation and temperature 
across crop phases. This consistency was also reported in situations in which confounding 
effects due to crop duration and crop management were minimized by analyzing genotypes 
with the same phenology (days to flowering and maturity) under favorable fertilizer and 
water conditions.  
The above-ground crop growth rate of hybrids was higher than that of inbreds in both 
seasons and during each of the developmental phases, although it was significant only during 
the vegetative phase and in the dry season during the ripening phase. In order to get a more 
accurate analysis of the differences in growth rates between plant types, considering that any 
difference at the crop level may be overwhelmed by the large amount of biomass, growth 
rates of the key organ within each developmental phase were compared. The significantly 
higher blade growth rate during the vegetative phase, stem growth rate during the 
reproductive phase and panicle growth rate during the ripening phase of hybrids compared 
with that of inbreds confirmed the features observed on CGR dynamics and the higher ability 
of hybrids to accumulate biomass during the whole crop cycle. These findings were 
confirmed by the increase in organ and shoot dry matter with time, for which the difference 
between hybrids and inbreds became larger with crop stage until maturity. By comparing 
high-yielding genotypes with similar crop duration and phenology, our study highlighted the 
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higher biomass accumulation of hybrids than inbreds during the whole crop cycle, including 
during grain filling, in contrast to results from previous studies (Laza et al., 2003; Peng et al., 
2003), in which higher CGR and higher biomass accumulation were observed only before 
anthesis. Higher CGR during the late reproductive phase was claimed by Sheehy et al. (2001) 
and Horie et al. (2003) as a key process to increase yield potential. In our comparative 
analysis, higher growth rate of hybrids applied to all three phenological phases, and each of 
these phases then contributed to the faster increase of shoot dry matter with time compared to 
that of inbreds and finally to higher shoot dry matter at maturity, that was significantly 
correlated to grain yield. Considering that the filled grain number per panicle was the main 
yield component supporting the variability in grain yield between hybrids and inbreds, as also 
reported in many papers (Peng at al 1998; Ying et al 1998; Laza et al 2003; Yang et al, 2007), 
it is confirmed that the ripening phase, during which the number of filled grains is 
determined, plays a substantial role in yield performance of hybrids.  
Some potential crop traits considered in this study that can support the higher biomass 
accumulation of the hybrids over the inbreds. A tendency for higher LAI was observed for 
hybrids compared with inbreds before PI, however, the differences in the dynamics of LAI 
between plant types after PI were often negligible. Recently, significant higher SLA values 
(thinner leaves) of hybrids were reported to have triggered higher leaf area and subsequently 
greater biomass accumulation (Laza et al. 2001; Peng et al., 2003). In contrast, in our study, 
higher leaf area of hybrids, observed minimally at the early stage, was due neither to higher 
values of SLA nor to higher leaf number per main tiller, factors that could not have generated 
the higher early vigor of the hybrids. One factor that may have supported this higher 
performance of hybrids was individual blade size, but it was, unfortunately, not measured in 
this experiment. Another factor was the trend in tiller production that was slightly distinct 
between plant types in both seasons and could have explained some differences in LAI, even 
though the differences were small and sometimes inconsistent: a slightly quicker tiller 
emergence rate during the dry season and an earlier cessation in tiller emergence during the 
wet season were noted with hybrids. In the experiments reported by Yamauchi (1994) and 
Peng et al. (1999), conclusions on tiller production were drawn from a few samplings made at 
key stages only such as mid-tillering and panicle initiation. In most situations, this method 
prevented one from distinguishing between tiller emergence rate and tiller emergence 
duration and from revealing potential differences that may have occurred at other times. 
Indeed, in our study during the wet season, a single set of data collected at maximum tillering 
stage could have allowed one to conclude that inbreds had a higher tillering rate, but the 
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difference was in fact due to a delayed cessation in tiller emergence. Likewise, in the dry 
season, a similar rate could have been reported if measurements had been made at key stages 
only, but, in fact, the actual rate of hybrids was observed to be slightly higher between mid-
tillering and maximum tillering. Other traits such as rates of light-saturated photosynthesis 
per unit leaf area can trigger higher biomass accumulation with time. This trait was measured 
as similar across a large range of plant types (Peng et al., 1998), however, Murchie et al. 
(2002) reported some differences when comparing some rice new plant types and IR72. But 
no clear conclusions on the variability of photosynthetic rates per unit leaf area could be 
drawn across the genotypes of our study since blade N content was similar across genotypes 
(Table 5.1).  
Biomass partitioning among plant organs of hybrids was more efficient than that of 
inbreds during the whole crop duration and in both seasons. The higher efficiency of hybrids 
was significant, not only during grain filling but also during the late vegetative and early and 
late reproductive phases for both seasons, at least with respect to partitioning coefficient to 
culm and panicle. In both seasons, the correlation of harvest index to grain yield was even 
higher than that of biomass production at maturity. This departed from results of previous 
studies, in which higher shoot biomass at maturity was reported as the main factor supporting 
higher grain yield, particularly in the dry season (Peng et al., 1999; Peng et al., 2003). Also in 
contrast to our study, several papers reported a higher efficiency in biomass partitioning with 
hybrids only during grain filling, and then a higher harvest index, and highlighted that 
hybrids were characterized, until flowering, by larger biomass accumulation that triggered 
better biomass remobilization during grain filling (Peng et al., 1998; Laza et al., 2003; Jeng et 
al., 2006; Yang et al., 2007). However, it was clearly revealed in our study that more efficient 
sink regulation did occur with hybrids during plant growth prior to flowering. During the 
early reproductive phase, higher partitioning of biomass to the culm for hybrids did not 
generate a longer culm but a larger culm biomass, as was also observed with respect to 
specific culm length dynamics, most probably increasing the pool of reserves. In addition, 
during the late reproductive phase, higher partitioning of dry matter to the panicle for hybrids 
was associated with the development of panicles of larger sink size to possibly meet the 
larger storage capacity of the culm. As already tested by Ehdaie et al. (2008) on wheat, 
changes in stem dry weight during grain filling, when stems do not elongate anymore, were 
used here as a reliable method to estimate changes in stem reserves. Remobilization from 
internodes of the main tiller in wheat started only 20 days after anthesis, while storage in the 
culm was still active. The same observation was valid here for rice, in which biomass 
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remobilization from the culms did not appear substantial during the first 10 days after 
flowering. However, the delay in phenology between the main tiller and other tillers of the 
same plant may have overwhelmed any remobilization from the main tiller since stem 
elongation of the other tillers was still active after flowering of the main tiller. 
Remobilization was still observed here until 10 days before maturity. Overall, the excess in 
shoot biomass accumulation of hybrids over inbreds (Results 5.5.1) during each phase of crop 
growth was not equally divided among organs during both seasons but was clearly prioritized 
first to blade and sheath, second to culm, and finally to panicle with respect to crop stage. 
These observations confirmed the better sink regulation of hybrids during the whole crop 
growth and suggested that the better partitioning of hybrids at maturity (expressed widely by 
harvest index) was indeed already committed before flowering due to the early higher 
potential of the plant. 
Sink strength index (stem-based SSI), calculated at maturity as the ultimate integration of 
the overall higher sink regulation of hybrids over time, was better correlated to grain yield 
than harvest index during both cropping seasons. In support to these findings, Lafarge et al 
(2008) reported that the difference in stem-based SSI of hybrids with that of inbreds of 
different crop duration was significant while that of HI was not, and that HI values were even 
poorly correlated to grain yield in comparison to SSI values. As an improved harvest index, 
SSI was not confounded with any variability in blade senescence and plant height, and 
accounted for the regulation of biomass allocation and remobilization with time and 
ultimately at maturity for the choice a given genotype has to face between stem vigor and 
panicle dry matter. This index could then be considered as a reliable indicator of plant 
performance in the field with respect to efficiency in biomass partitioning, possibly more 
accurate than harvest index by itself. This gives credit to the sink regulation concept in 
supporting heterosis. Furthermore, SSI could be very powerful in evaluating lodging 
resistance in rice crops, which is a high threat for yield losses in rice fields (Setter et al., 
1997). By definition, SSI as an integrated value of the vigor of the stem and the weight of the 
panicle, indicates that hybrids are more sensitive to lodging than inbreds and confirms what is 
often reported from farmers’ fields. Another promising indicator in comparing sink regulation 
across genotypes appeared to be the dry matter of 1000 unfilled grains. This indicator was 
consistently higher with inbreds than with hybrids, as was also the case in the studies of Cao 
et al. (1980) and Kabaki (1993) (cited by Yang et al., 2007). Either hybrid rice required lower 
plant dry matter than inbreds to develop a spikelet, as claimed by Peng et al. (1998), or 
unfilled grains of inbreds would contain a substantial amount of wasted accumulated starch 
 94
 
(Siband, personal communication). Whichever the right explanation is, the dry weight of 
1000 unfilled grains, if confirmed as a relevant trait to screen for hybrid advantage and for 
yield potential in general, would have also the advantage of being easily used by breeders. 
Actual sink size (number of mature spikelets) of rice crops did not appear as a limiting 
factor for grain yield because (i) a substantial number of spikelets of the eight genotypes 
under study here were not filled since the grain–filling ratio was lower than 80%, as observed 
in previous studies (Sheehy et al., 2001; Laza et al., 2003; Ishimaru et al., 2005; Yang et al., 
2007); (ii) the process of grain filling was reported to be highly active until maturity since the 
rate of increase in panicle dry matter was still appreciable; (iii) production of juvenile 
spikelets of cropped plants was 65% below the potential of spaced plants and abortion of 
juvenile spikelets of cropped plants was more than half of the total (Sheehy et al., 2001) and 
depended on the availability of carbohydrates during the late reproductive period (Horie et 
al., 2003); and (iv) in our study, culm dry matter of both plant types increased significantly 
right before maturity, whereas it decreased at mid–grain filling as a consequence of biomass 
remobilization. Considering that culm elongation was over at the late grain–filling stage and 
that an active sink was still available at that time, this late increase in culm dry matter was 
probably not due to limiting sink size but rather to an emerging assimilate demand from the 
culm in order to bear a panicle that was getting heavier. It appeared that these genotypes, 
grown in the environment for which they were selected, optimized the filling of their final 
sink with respect to their carbohydrate dynamics (sink regulation) and seasonal weather 
(source strength). As reported by Sheehy et al. (2001), Horie et al. (2003), and Slafer et al. 
(2005), the growth rate of the plant during the late reproductive phase is essential in 
determining potential sink size. The potential sink size, however, may not be the main driver 
of grain yield, but, as a representative of the ability of the plant to accumulate biomass and 
regulate sinks, may be used as an indicator of yield potential.  
Identifying some traits associated with the higher performance of hybrid rice should 
indirectly trigger the improvement of elite lines. Higher resource capture and better sink 
regulation, rather than higher sink size, should drive breeding strategies for increasing the 
yield potential of elite lines. As potential traits of interest, more efficient plant architecture 
during the vegetative phase (Mao et al., 2007) and grain-filling phase could generate higher 
biomass accumulation, and delayed root senescence could increase the rate of nitrogen uptake 
during grain filling (Echarte et al., 2008). Improving sink regulation could focus on 
increasing the storage capacity and remobilization ability of the plant, which was observed 
under high genotypic variation for wheat (Ehdaie et al., 2008). In particular, future research 
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should examine the dichotomy during grain filling between accelerating leaf senescence to 
improve remobilization (Yang et al., 2007) and delaying leaf and root senescence to increase 
resource capture (Kato et al., 2006). It could also address inter-tiller remobilization, in which 
substantial variability may be observed between genotypes in their ability to remobilize dry 
matter from non-productive to productive tillers. 
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CHAPTER 6 
GENERAL DISCUSSION AND CONCLUSIONS 
 
6.1 General Discussion 
 
Increases in agricultural productivity are always associated with issues of sustainability. 
This is because changes in agricultural practices are associated with changes in resources 
demand. The ecological impacts of agriculture include land degradation, water shortage, loss 
of biodiversity and contributions to climate change. Meeting the current and future food 
requirements will require rapid increases in productivity. However, production increases need 
to materialize without further damage to the environment and for this to happen, principles of 
sustainability must be incorporated. Agricultural sustainability requires a focus on both 
genotype improvements through the consequences on crop management and resources 
requirements, as well as improved understanding of the benefits of ecological and agronomic 
management and manipulation (Pretty 2003). In addition, agriculture is most sustainable 
when existing resources and technologies are being used in the most efficient way.  
The contribution of plant breeding works for continued cereal yield growth is becoming 
proportionally larger (Fisher and Edmeades, 2010). The ideotype approach described by Peng 
et al (2008) has recently been successful in China for breeding super hybrid rice using a 
combination of traits that were in part previously assembled in the IRRI new plant type 
(NPT). This approach has been based on identifying favorable traits from the evolution of the 
breeding products developed during the last decades from the knowledge of plant and crop 
physiology and morphology. Another way to help breeders improve rice yield potential is 
through the discovery of promising traits by investigating the processes responsible for the 
higher grain yield of hybrids over inbreds as done in this study. The higher grain yield of rice 
hybrids compared with that of elite inbreds (by 14% to 18% on average) was confirmed here 
as it had widely been reported earlier (Virmani et al, 1982; Yamauchi, 1994; Peng et al, 1999; 
Yang et al, 2007). Higher biomass accumulation ability of the hybrids over inbreds was 
observed during the whole crop cycle, including during grain filling, in contrast to results 
from previous studies (Laza et al., 2003; Peng et al., 2003), in which higher crop growth rate 
(CGR) and higher biomass accumulation were observed only before anthesis. Higher CGR 
during the late reproductive phase was claimed by Sheehy et al. (2001) and Horie et al. 
(2003) as a key process to increase yield potential. In our comparative analysis, higher 
growth rate of hybrids applied to all three phenological phases, and each of these phases then 
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contributed to the faster increase of shoot biomass with time compared to that of inbreds and 
finally to higher shoot biomass at maturity, that was significantly correlated to grain yield. 
Considering that the filled grain number per panicle was the main yield component 
supporting the variability in grain yield between hybrids and inbreds, as also reported in 
many papers (Peng at al 1998; Ying et al 1998; Laza et al 2003; Yang et al, 2007), it is 
confirmed that the ripening phase, during which the number of filled grains is determined, 
plays a substantial role in yield performance of hybrids. In addition to the superiority of the 
hybrids to higher biomass accumulation, the biomass partitioning among plant organs was 
more efficient than that of inbreds during the whole crop duration. The higher efficiency of 
hybrids was significant, not only during grain filling but also during the late vegetative and 
early and late reproductive phases.  Moreover, it was clearly revealed in this study that more 
efficient sink regulation did occur with hybrids during plant growth prior to flowering. 
During the early reproductive phase, higher partitioning of biomass to the culm for hybrids 
resulted in larger culm biomass, and probably in the increase of the pool of reserves. In 
addition, during the late reproductive phase, higher partitioning of biomass to the panicle for 
hybrids was associated with the development of panicles of larger sink size to possibly meet 
the larger storage capacity of the culm. Overall, the excess in shoot biomass accumulation of 
hybrids over inbreds reported earlier during each phase of crop growth was not equally 
divided among organs but was clearly prioritized first to blade and sheath, second to culm, 
and finally to panicle with respect to crop stage. These observations confirmed the better sink 
regulation of hybrids during the whole crop growth and suggested that the better partitioning 
of hybrids at maturity (expressed widely by harvest index) was indeed already committed 
before flowering due to the early higher potential of the plant. Higher resource capture 
(biomass accumulation) and better sink regulation rather than higher sink size, should drive 
breeding strategies for increasing the yield potential  
Increasing the yield potential further will also set the attainable yield higher at a given set 
of environmental conditions. This also implies that the amount of fertilizer needed will be 
larger to meet the crop demand and support the production of higher biomass. More extensive 
rooting system (Yang et al 1999) and higher N, P, and K uptake has been observed with 
hybrids (Yang et al 1999; Liu and Liu 1997). Hybrids then require higher fertilizer input to 
match up with the higher crop uptake removal from the soil. In this regard, it is essential that 
changes in soil properties are monitored to avoid depletion of the indigenous soil nutrients 
due to continuous outflow from the soil by the crop. Normally, management-induced changes 
are assessed by monitoring long-term on-station experiments, however, this requires long 
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time, and thus an alternative is to use uncultivated soil and compare with cultivated soil as it 
was done here in this study. The existing fertilizer practices in the 9 sites evaluated here were 
not sufficient to maintain soil fertility as indicated by the significant differences in the soil 
properties measured between the cultivated and uncultivated. The insufficient application of 
fertilizer was aggravated by the loss of organic matter content in the soil as influenced by soil 
types and moisture condition during cultivation. The reduction in soil fertility can be 
prevented by monitoring soil properties (comparison between cultivated and adjacent 
uncultivated) and further supported by management strategies using the site specific nutrient 
management (SSNM). The SSNM approach that is being promoted now by soil scientists, 
takes into account the indigenous nutrient supply of the soil, the yield targets (attainable 
yield) and the nutrient demands and thereby guiding the N, P, K fertilizer application rates.  
Thus, using high yielding hybrids with high nutrient uptake necessitates the monitoring of 
soil properties and the application of correct fertilizer rates to avoid depletion of native soil 
fertility, and thereby avoiding both yield loss and resource base degradation. 
Hybrids and elite high yielding inbreds must also be evaluated with respect to methane 
emission rates, since irrigated rice fields have been identified to have significant contribution 
to global warming through the release of methane gas to the atmosphere.  It was noted in this 
study that the hybrid ‘Magat’ gave the lowest methane emission rate when compared with the 
popular IR72 inbred and a conventional genotype. It is probable that the rooting system of the 
hybrid was better in terms of soil oxidation and that oxygen gas diffuses more from the 
atmosphere (via the aerenchyma of the plant) to a shallower and wider rooting zone in the 
soil. Moreover, certain management practices in irrigated fields were found to minimize 
methane emission and not affecting grain yield negatively. One of which is the drainage 
during midtillering that reduced methane significantly as compared with continuous flooding. 
This practice can both reduced methane emission and decreased water input (WI). Recently 
technologies have been developed to reduce water input due to water availability issues in 
agriculture. Alternate wetting and drying (AWD) technology has been developed and 
implemented primarily to save water and to increase water productivity (WP) (Bouman and 
Tuong, 2001; Tabbal et al., 2002).  The reduction in WI under AWD was mainly due to 
reduction in seepage, percolation (Cabangon et al. 2004), and evaporation from the stagnant 
water in rice fields. However, inconsistencies on maintaining grain yield under the AWD 
system have been reported. In order to increase the value of this technology, suitable 
genotypes should be selected in order to maintain or even improve grain yield. Based from 
this study, we found promising genotypes that can maintain yield under AWD similar to CF. 
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Interestingly under AWD, all the 9 genotypes included in this study were observed to have 
longer tillering period resulting to more tillers. This higher tillering production favored 
canopy closure and was probably beneficial with lower evaporation rates, however , the delay 
in tiller cessation in view of crop productivity was not favorable in maximizing grain yield as 
higher stem growth rate and efficient assimilate partitioning among plant organs were 
associated with earlier tiller cessation. It appeared that the AWD adapted genotypes had 
higher remobilization capacity as indicated by the lower specific stem length (g/cm), more 
panicle numbers and lower weight of unfilled grains at maturity. Such identification of 
favorable traits needed for AWD adaptation can again help breeders to design suitable 
genotypes for AWD. 
It is also possible that breeding efforts to push the yield potential higher can also be done 
for plants suited for AWD system. Targeted traits however, for yield potential might be 
different for AWD as manifested by the pattern of tillering production and cessation observed 
in the genotypes studied. Moreover, if breeders can assemble good traits for further 
enhancing hybrid yields, it is very likely that this can also be done with elite inbred lines. 
Water management for reducing water input was also beneficial for reducing methane 
emissions. Wassmann et al (2009) even reported that changing water management appears to 
be the most promising mitigation option for methane reduction particularly under irrigated 
rice production. 
Therefore, productive and sustainable irrigated rice production can be achieved by the 
combination of good plant traits to be assembled by breeders, then combined with highly 
efficient use of natural resources (soil, nutrients, water) as guided by developed technologies 
and sound management practices in a given environment. 
 
6.2 CONCLUSIONS 
1. The selected chemical properties of the cultivated soils were significantly lower when 
compared with the uncultivated soil (control). As an average from the different sites, 
NH4OAc-extractable K, water soluble organic carbon, hot water soluble organic carbon, total 
carbon were all lower by 48%, total carbon by 35%, total nitrogen by 33% and microbial 
biomass carbon by 38% in the cultivated soils, 
2. The significant changes between the cultivated and uncultivated soils were mostly 
associated with the existing fertilizer management and moisture status of the soil during 
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cultivation. Comparison of cultivated and its corresponding uncultivated soil provide 
possibility to determine management effect on soil status. 
3. Field drying at midtillering reduced methane emissions by 15-80% as compared with 
continuous flooding, without a significant effect on grain yield. The net impact of 
midtillering drainage, however, was diminished by rainfall during drainage period and was 
suppressed by very low levels of organic substrate in the soil.  
4. Methane emission rates were also affected by genotypes. The incorporation of rice straw to 
the soil resulted in higher and earlier peak of methane emission rates. Application of 
ammonium sulfate significantly reduced seasonal emission as compared with urea 
application. 
5. The grain yield of hybrids was significantly higher than that of inbreds by 14-18%. The 
hybrids accumulated biomass quicker and partitioned biomass more efficiently among plant 
organs. Crop growth rate during each phenological phase, blade growth rate during the 
vegetative phase, stem growth rate during the reproductive phase and panicle growth rate 
during the ripening phase were consistently higher in hybrids than in inbreds. 
6. The biomass partitioning among plant organs was more efficient with the hybrids during 
the whole crop duration confirming better sink regulation. The biomass was not equally 
divided among plant organs, but was clearly prioritized first to leaf blade and sheath, second 
to culm and finally to panicle with respect to crop stage. 
7. The alternate wetting and drying (AWD) practice with a threshold of -30 kPa is an 
effective water-saving technology in the soil type of the present study, and the amount of 
water input (WI) was significantly reduced, and that water productivity (WP) was 
significantly increased in all the genotypes evaluated. 
8. Adapted genotypes under AWD had strong compensatory mechanism. The adapted 
genotypes produced more productive tillers and, at maturity, the adapted genotypes were 
characterized by higher specific stem length (SSL) or specific culm length (SCL), which 
means that they allocated less biomass to the culms or stems in favor to the panicle during 
grain filling phase. 
9. Breeding programs targeted for high yield potential could be different with those 
genotypes intended under water saving conditions (AWD). 
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